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FO R E W O R D
T h ese  notes  have been  p r e p a re d  f o r  a s e r ie s  o f  l e c t u r e s  on 
sed im en t  tra n sp or ta t ion  and channel stab ility  g iven  by the authors 
to a group  o f  e n g in e e rs  and g e o lo g is t s  o f  the U. S. D epartm ent of 
A g r icu ltu re  a s s e m b le d  at C a ltech  on S ep tem b er  12-16,1960. The 
m a te r ia l  h e re in  i s  not intended to s e rv e  as a c o m p le te  textbook , 
b e ca u se  it c o v e r s  on ly  su b je c ts  o f  the o n e -w e e k  sequ en ce  o f  le c tu r e s .  
Due to l im ita t ion  o f  sp a ce  and time, c o v e r a g e  o f  m any su b je c ts  is 
b r ie f  and o th e rs  a re  om itted  a ltoge th er .  At the end o f  each  chapter 
the re a d e r  w il l  find  a s e le c te d  l is t  o f  r e fe r e n c e s  fo r  m o r e  deta iled  
study.
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= angle o f  s ide s lope  o f  channel
= angle o f  r e p o s e  o f  sed im en t
C H A P T E R  1 -  HYDRAULICS O F O PEN  CHANNELS
F U N D A M E N T A L  EQUATIONS AND CO N CE PTS
1. 1 B e rn o u ll i  and Continuity E quations . In analyzing open channel 
f low  the B e rn o u ll i  and the Continuity Equations a re  used . The 
B ern ou ll i  equation f o r  steady f low  app lied  to a r e a c h  o f  open channel 
i s ,  ( se e  F ig .  1.1)
V 2 V 2
Z1 + d l + ~ T g ~  = Z2 + d2 + ~2g + hf  ( K 1 )
w here z i s  the e leva tion  o f  the channel bottom  in ft. , d is  the w ater 
depth in ft, V is  the m ean  v e lo c i ty  in the c r o s s  se c t io n  in fps , g is  
the a c c e le r a t io n  o f  g ra v ity  usually  taken as 32 . 2  ft p e r  s e c  p e r  s ec  
and h  ^ is  the head l o s s  betw een  se c t io n s  in ft.
F ig .  1. 1 Steady f low  in an open channel 
In equation 1. 1 the su b s cr ip ts  1 and 2 apply to the quantities at 
s e c t io n  1 and 2 r e s p e c t iv e ly .  The m ean  v e lo c i ty ,  V at a se c t io n  is  
g iven  by
V = %  (1.2)
w here  Q is  the w ater  d is ch a rg e  in c fs  and A is  the a re a  o f  the
w ater  c r o s s  se c t io n  in sq  ft. S ince  fo r  steady f lo w , Q d oes  not vary '
f r o m  se c t io n  to s e c t io n  one can  w rite :
Q = A 1V 1 = A 2V 2 . (1 .3 )
Equation 1 .3  is  known as the continuity  equation , and states  that the 
rate o f  f low  o r  d is ch a rg e  past  any se c t io n  is  the sam e as that p ast  any
se c t io n  is  the sam e as that p ast  any other se c t io n .  The B ern ou ll i  
equation as e x p r e s s e d  in eq . 1. 1 app lies  only f o r  c a s e s  w here  the 
depth o f  the f lo w  changes  s low ly  with d istan ce  along the s tre a m .
(Note: f o r  fu rth er  in fo rm a tion  on this su b jec t  see  r e fe r e n c e  1. 1,
pp 6 8 -8 1 ) .
1 .2  C on cept o f  Head. E ach  o f  t e r m s  in eq . 1. 1 is  r e f e r r e d  to as a
V 2
"h e a d " .  The te r m  z + d i s  c a l le d  the e leva tion  head, is  the
2g
v e lo c i ty  head  and h  ^ is  the head l o s s .  T h ese  te r m s  are  actua lly
e n e r g ie s  p e r  unit weight, i . e .  ; fo o t -p o u n d s  p e r  pound o f  w ater .  
T h e r e fo r e  eq. 1 .1  is  an e n e rg y  equation w hich  sta tes  that the e n ergy  
p e r  pound o f  w ater  at s e c t io n  1 is  equal to that at s e c t io n  2 plus the 
l o s s  in e n e rg y  p e r  pound in c u r r e d  by the w ater  in flow ing f r o m  
se ct io n  1 to s e c t io n  2. The total head h, at a s e c t io n  can be w ritten ,
V 2h = z +  d + ~ .  (1 .4 )
The B ern ou ll i  equation w ritten  in t e r m s  o f  the total head is
h x = h£ + hf  (1. 5)
w here  h^ and h^ a re  r e s p e c t iv e ly  the total head at s e c t io n  1 and 2.
1 .3  Head l o s s ,  F r ic t io n  and T u rb u le n ce .  The head l o s s ,  h^ .,
e x p e r ie n c e d  by the f lo w  in going f r o m  se c t io n  1 to 2 ( fig .  1 .1 )  is  due 
to the f r i c t io n  betw een  the w ater  and the s o l id  bou n daries  o f  the 
s tre a m  channel. This  l o s s  continually  re d u ce s  the total head h, o f  
the f low  w h ich  is  the sam e as saying that the total e n ergy  o f  the f low  
is  red u ce d .  The e n e rg y  expended  by f r i c t io n  u lt im ate ly  is  d issipated 
into heat. H o w e v e r ,  m u ch  o f  the e n e rg y  l o s t  is  f i r s t  c o n v e r te d  to 
turbu lence  b e fo r e  it f in a lly  is  c o n v e r te d  to heat.
T u rbu len ce  is  nothing m o r e  than random  m o tio n  due to the 
p r e s e n c e  o f  edd ies  or  s w ir ls  in  a f lo w . T h ese  ed d ies  ca u se  the 
v e lo c i ty  at a point to v a ry  with t im e . B e ca u se  o f  this a p a r t ic le  o f  
w ater in turbulent f lo w  w ill  have com pon en ts  o f  m o t io n  in all d ire c t ion s  
that fluctuate o r  pulsate  with t im e . T h ese  pulsating v e lo c i t ie s  m ake 
up the turbu lence  o f  a flow .
1 - 2
The m ean  value o f  the square o f  the turbu lence  v e lo c i ty  f lu c tu ­
ations is  taken as a m e a s u r e  o f  the turbu lence  in tensity . If  the f lu ctu ­
ation m e a s u r e d  at any instant is  denoted  by v '  the m ean  square  m ay 
2be denoted  by v '  w here  the bar  denotes  m ean  value o f  a la r g e
—
n um ber o f  instantaneous o b se r v a t io n s .  The ratio  ? v 1 / V  is  known 
as the re la t iv e  turbu lence  in tensity . A re la t iv e  in tensity  o f  0. 10 is 
v e r y  high and 0 .0 1  is low .
V e r y  few  turbu lence  studies  have been  m ade  in w ater  and know ­
led ge  o f  the su b ject  c o m e s  m a in ly  f r o m  studies in  a ir  f lo w s .  F r o m  
these studies  it ap p ears  that the re la t ive  turbu lence  in te n s it ie s  of 
r iv e r s  l i e s  s o m e w h e re  betw een  0 .0 1  and 0. 10. T h ese  turbu lence  
v e lo c i t ie s  a re  r e s p o n s ib le  f o r  the entra inm ent and su sp en s ion  o f  
sed im en t  and hence  a re  o f  p r im a r y  in te r e s t  in  sed im entation  w ork . 
(F o r  fu rth er  in fo rm a tio n  see  r e f .  1 .2 ,  p 8 3 -9 5 ) .
1 .4  R ey n o ld s  N u m ber .  R ey n o ld s  nu m ber  is  a d im e n s io n le s s  p a r a ­
m e t e r  that e x p r e s s e s  the re la t ive  e f fe c t  on the f lu id  m otion  o f  the 
f o r c e s  due to the in e r t ia  o r  m a s s  o f  the flu id  and those  due to 
v is c o u s  f r ic t io n .  The R ey n o ld s  nu m ber  R , o f  the f lo w  in a pipe 
used  in m o s t  t r e a t is e s  on h y d ra u lics  is
R  = ( 1 . 6 )
In this equation V is  the m ean  v e lo c i ty  in the p ipe in fp s ,  D is  the 
d ia m e te r  in  ft and 'L' (Nu) is  the k in em atic  v i s c o s i t y  o f  the flu id  in 
square ft p e r  s e c .  (V a lues  o f  U  are  g iven  in texts on f lu id  m e ch a n ics  
as a function  o f  te m p e ra tu re s  f o r  exa m p le  see  r e f .  1 .1  p 11).
The R ey n o ld s  n um ber f o r  open channels  that is  equivalent to 
the one g iven  above  fo r  p ipes  is
4V rR  = (1 .7 )
V
W here  V is the m ean  v e lo c i ty  in fp s ,  r  is  the h ydrau lic  rad ius o f  
the channel in ft, w hich  is  g iven  by
r = -  (1 .8 )p
w here  A is  the a re a  o f  the w ater  c r o s s  se c t io n  in  sq  ft and p is  the
1 -3
w etted  p e r im e t e r  in ft. It has been  found that the f r i c t io n  r e s is ta n c e  
o f  any f low  can  be e x p r e s s e d  in te r m s  o f  R ey n o ld s  nu m ber  and other  
quantities such  as channel d im en sion s  and v e lo c i ty .  H ence it is  v e r y  
usefu l in dealing with f lo w  p r o b le m s .
1. 5 S p e c i f ic  E n erg y ,  Wave V e lo c ity  and F rou d e  N um ber . S p e c i f ic  
e n ergy  H, is  defined  as
V 2H = d + A -  (1 .8 )
w here  d, V and g a re  as defined  in equations 1. 1 and 1 .4 .  F o r  
u n iform  f lo w  d and hence V d o e s  not change along the channel and 
the s p e c i f i c  e n e rg y  a ls o  rem a in s  unchanged. In n o n -u n ifo r m  f lo w  
d, V and H change along the channel.
By substituting equation 1 .2  into 1. 8 one gets
H = d + - £ L - .  (1 .9 )
2 g A 2
A  graph  o f  H against d is  g iven  in F ig .  1 .2  fo r  a rec ta n gu la r  
channel 20 ft wide with a d is ch a rg e  Q o f  250 c f s .  It w ill  be seen  
that the cu rv e  has two bra n ch es  and that the m in im u m  value o f  H 
o c c u r s  at a depth o f  about 1 .7  ft. This  value o f  the depth fo r  w hich
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F ig .  1 .2  S p e c i f ic  e n e rg y  d ia g ra m  fo r  re c ta n gu la r
channel 20 ft w ide with d is ch a rg e  o f  250 c f s .
the s p e c i f i c  e n e rg y  is  a m in im u m  is  c a l le d  the c r i t i c a l  depth and is 
denoted  by dc - The e x p r e s s io n  f o r  dc f o r  re c ta n gu la r  channels
obtained by d ifferentiating  eq . 1 .9  with r e s p e c t  to d is
dc = d - 1 0 )
V b g
w here  b is  the width o f  the channel in ft. The value o f  d f o r  thec
c a s e  o f  F ig .  1 .2 ,  g iven  by eq . 1 .10  is  dc = 1 .6 9  ft.
A  conven ient p a r a m e te r  in dealing with open channel f low s  is  
the F rou d e  n u m b er  F ,  w hich  f o r  rec ta n gu la r  channels  is
F = T P -  " • 11>
When d = dc one can show  by substituting the value o f  dc f r o m  
eq. 1. 10 f o r  d in eq . 1 .11  that F  = 1 o r  that V = fgd  . VC C C
is  known as the c r i t i c a l  v e lo c i ty .  The e x p r e s s io n  j  gd is  a ls o  equal 
to the c e le r i ty  c o f  a g ra v ity  wave o f  sm a ll  height and la r g e  wave 
length in w ater  o f  depth d. T h e r e fo r e  when F  = 1 the f lo w  v e lo c i ty
V is  ju s t  equal to the c e le r i ty  o f  a s u r fa c e  w ave . S ince  a d is tu rb ­
ance is  p ropa gated  into the f lo w  by  w aves  this is  a s ign if ican t  re la t ion .
When F  = 1, V = | gd o r  V  = c and a wave cannot propagate  
u p strea m . H ow ever  i f  F  1 a wave can  m o v e  u p strea m . F lo w s  fo r  
w hich  F  >- 1 a re  c a l le d  shooting f low s  and those f o r  w h ich  F  <  1 are  
c a l le d  tranquil f lo w s .
F L O W  FO R M U L A S
1 .6  C hezy  F o r m u la .  The C hezy  fo rm u la  is
V = C f r S "  (1. 12)
w here  C is  the C h ezy  c o e f f i c ie n t ,  S is  the s lop e  o f  the channel in 
ft p e r  ft, r is  the hydrau lic  rad ius  as defined  by equation 1 .8  and
V is  the m ean  v e lo c i ty  as in eq . 1 .2 .  This equation is  used  fo r  
p ipes  along with other fo rm u la s  and is  used  e x c lu s iv e ly  f o r  open 
channels . It ap p lies  only f o r  un iform  steady f lo w . In steady  un iform
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f low  there  are  no changes in d is c h a rg e ,  depth .ve loc ity , e tc .  , with 
tim e or  f r o m  se ct io n  to s e c t io n  along the channel. The C hezy  fo rm u la  
m ay  be applied  to f low s  that a re  only s lightly  n o n -u n ifo rm  by using a 
m ean value o f  r f o r  the re a ch  in v o lved  and substituting the s lop e  o f  
the e n e rg y  grade  line  f o r  S.
1 .7  C hezy C o e f f ic ie n t .  In g e n e ra l  the c o e f f i c ie n t  C v a r ie s  with the 
rough ness  o f  channel b ou n d a ries ,  and with the R eyn o ld s  nu m ber  of 
the f low . S ev e ra l  equations fo r  C are  used in h y d ra u lics .  One of 
the m o s t  c o m m o n  equations is  the Manning eq.
1 49 r ^C  = ------------------- (1. 13)n
w here n is  the Manning rough ness  c o e f f i c ie n t .  E q . 1 .13  is  va lid  
on ly  f o r  the f t - s e c  s y s te m  of units i . e .  f o r  v e lo c i ty  in fps and 
hydrau lic  rad ius  in ft. F o r  other sy s te m s  of units the constant 1 .49  
m ust be changed  f o r  instance  f o r  the m e t e r - s e c o n d  s y s te m  the value 
o f  the constant b e c o m e s  unity. Values o f  n a re  tabulated in text 
book s  on h y d rau lics  ( e . g .  see  p 230 re f .  1 .1 ) .  T h ese  va lues  apply 
to c le a r w a te r  f low s  in r ig id  channels . A s  outlined e ls e w h e r e  the 
Manning c o e f f i c ie n ts  f o r  a lluv ia l channels  are  v a r ia b le .
A noth er  v e r y  usefu l equation f o r  C is
C = 7 — ( 1. 14)
w here g is  the a c c e le r a t io n  o f  g ra v ity  and f is  the D a r c y -W e is b a c h  
fr ic t io n  fa c to r  c o m m o n ly  used  in pipe f lo w  a n a ly s is .  The fa c to r  f  
is  g iven  on a graph  as a function  o f  R eyn o ld s  n um ber and the rough ness  
of the boundary ( fo r  exa m p le  se e  p 182, r e f .  1 .1 ) .  Values o f  f  in 
such  ch a rts ,  l ik e  the usual tabulated va lues  o f  n, a re  f o r  c le a r  
w ater f low s  in r ig id  chann els .
The C hezy  equation with the Manning equation f o r  the c o e f f i c ie n t  
is
V = r 2/ 3 S 1//2 (1 .1 5 )n ' '
w here  V is  e x p r e s s e d  in fps  and r is  in ft. The C h ezy  equation with
equation 1. 14 f o r  C is  ____
v  = f r" J rS ■ {1-16>
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Equation 1 .16  w ill  apply f o r  any co n s is te n t  set o f  units. F o r  exam ple  
i f  V is  in fps then r m ust be e x p r e s s e d  in ft and g in ft p e r  sec  
p e r  s e c .
1 .8  Equations f o r  T w o -D im e n s io n a l  F low . The hydrau lic  rad ius  o f  a
recta n gu la r  channel is  g iven  by (fig . 1. 3)
A bd ,,  i *7\r =  = t-—:—y r  (1 .1 7 )p b + 2d
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F ig .  1 .3  S ection  through recta n gu la r  channel
When d is  sm a ll  c o m p a r e d  with b, b + 2d w ill  d i f fe r  f r o m  b by 
a sm a ll  p e r ce n ta g e  and r w ill  be but l itt le  d if fe ren t  f r o m  d. Under 
these c ir c u m s t a n c e s  r can be taken as equal to d without in tr o d u c ­
ing s ign if ican t  e r r o r s .  When b is  in fin ite ly  long we can say r = d. 
In fin ite ly  wide channels  a re  sa id  to be tw o -d im e n s io n a l  and fo r  such  
c a s e s  the v e lo c i ty ,  depth and other quantities do not change with 
d istan ce  a c r o s s  the s tre a m  and one need  c o n s id e r  only a s tr ip  o f  
f low  one foo t  wide s in ce  all s tr ip s  a re  the sam e .
Substituting d fo r  r in equations 1. 15 and 1. 16 g iv e s  the 
equations f o r  f le w  in tw o -d im e n s io n a l  channels .
V = d2/ 3 S i/2 (1 .1 8 )n
V = J Is ] dS (1. 19)
V E L O C IT Y  DISTRIBUTION
1 .9  Shear S t r e s s .  F ig u r e  1 .4  r e p re s e n ts  a sh ort  r e a c h  o f  a f low  
with cuts m ade at the end se c t io n s  o f  the re a ch .  One im a g in e s  that 
the w ater supporting the ends o f  the re a ch  is  r e m o v e d
and that the f o r c e s  that w e re  e x e r te d  on the rem ain ing  w ater  by that 
r e m o v e d  have been  duplicated  ex a ct ly  by f o r c e s  Fj  ^ and F^. A s s u m ­
ing un iform  f lo w  the depth d and v e lo c i ty  V are  u n ifo rm  throughout 
the re a ch  and th ere  is  no a c c e le r a t io n  of the f low . Under these c o n ­
ditions the re la t ion  betw een  f o r c e s  acting on the p r i s m  o f  w ater 
p a ra l le l  to the f low  is  that their  v e c t o r  sum  is  z e r o .  The f o r c e s  acting
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F ig .  1 .4  F o r c e s  on w ater  p r is m  in channel
p a r a l le l  to the f low  a re  F j ,  F^, the com pon en t o f  the w eight acting 
down the s lope  w hich  is  y A L  sin 0 , and the bed  f r ic t io n  f o r c e  e x e r te d  
by the bed  on the w ater .  The bed f r ic t io n  f o r c e  is  g iven  by TQpL
w here  is  the a v e ra g e  shear  s t r e s s  in lb s  p e r  sq ft e x e r te d  on the
w ater  by the bed . Sum m ing up all the f o r c e s  g iv e s
F j  + y A L  sin  9 -  F^ " TQp L  = 0 .
S ince Fj  ^ and F^ are  n u m e r ic a l ly  equal one ge ts ,
T = — si n 9 = y r sin 9. o p L  1
Since the angle 9 is  usually  v e r y  sm a ll  one can  w rite  sin 9 = tan 9 = 
S w here  S is  the s lop e  o f  the channel. The e x p r e s s io n  then b e c o m e s ,
= y r S (1 .20)
F o r  two d im en s ion a l f lo w  the equation f o r  t q b e c o m e s
Tq = y d S  (1 .2 1 )
1 .10  V e lo c ity  Distribution. The v e lo c i t y  o f  f low  o f  a flu id  past a 
so l id  boundary is  z e r o  at the boundary  and in c r e a s e s  with d istan ce  
f r o m  it. This  is  a ls o  true o f  f low  in a channel. The equation f o r  the
v e lo c ity  in a tw o -d im e n s io n a l  channel as a function  o f  d istan ce  y 
v e r t ic a l ly  up f r o m  the bed  is ,
v = V + £  J gdS (1 + 2 .3  log1()§  (1.22)
w h ere  v is  the v e lo c i ty  at d istan ce  y  f r o m  the bed, V is  the m ean
v e lo c i ty  o v e r  the depth, k is  the von K arm a n  constant w hich  has a
value of 0 . 4  fo r  c le a r  w ater  and the other  sy m b o ls  a re  as defined
p r e v io u s ly .  Equation 1 .2 2  w ill  p lo t  a s tra ight line  on a graph  o f  v
against lo g  Such a graph  is  shown in f ig .  1 . 5a w here  two v e lo c i ty
p r o f i le s  have been p lotted  f o r  f low s  0 .2 9 5  ft deep . One o f  the f low s  is
with c le a r  w ater  and the oth er  is  with a suspended  lo a d  o f  0. 1 m m
sand with a m ean  con cen tra t ion  o f  15. 8 g r a m s  p e r  l i t e r .  It is  seen
that the m e a s u r e d  va lues  fit  v e r y  c l o s e ly  the stra ight l in es  and are
o f  the f o r m  o f equation  1 .2 2 .  F o r  c o m p a r is o n  the sam e data have
been  p lotted  on recta n gu la r  co o rd in a te s  in  F ig .  1 .5 b .
The quantity J gdS in eq. 1 .2 2  is  the s o - c a l l e d  .'shear
v e lo c i ty  used  e x te n s iv e ly  in flu id  m e ch a n ics  and w ill  be denoted  h ere
by Uj . It is  re la ted  to t by ^ o
Introducing u^ into eq. 1 .1 9  g iv e s
v nr
v 1 f •
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Due to m is n u m b e r in g  o f  pages ,  this page was om itted .
F ig .  1 . 5 .  L in ea r  and s e m i - lo g a r i t h m ic  graphs o f  v e lo c ity  
p r o f i le s  in a f lo w  0. 195 ft deep and 33. 5 in w ide with c le a r  
w ater  and with a heavy suspended  load  o f  0. 1 m m  sand.
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N O N -U N IFO RM  FL O W  IN O PEN  CHANNELS
1.11 D efin ition . N o n -u n ifo rm  steady  f lo w  v a r ie s  in  depth and m ean  
v e lo c i ty  as one m o v e s  up and d ow n stream  but the d is ch a rg e  is  c o n ­
stant and con d it ions  at any p o s it io n  in the f lo w  do not change with t im e. 
N o n -u n ifo rm  flow  o c c u r s  in a s tre a m  when the width a n d /o r  s lope  
changes causing  the m ean  v e lo c i ty ,  depth, e t c . ,  to change f r o m  one 
station to another.
1. 12 C h a r a c te r is t ic s  o f  N o n -U n ifo rm  F lo w  in Open C h annels . The 
shapes, c r o s s  se c t io n s  and s lo p e s  o f  natural s tr e a m s  v a ry  along their  
length and g ive  r i s e  to n o n -u n ifo rm  f low . T h e r e fo r e ,  in analyzing 
flow s  in natural s tre a m s  the m ethods  o f  n o n -u n ifo rm  flow  m u st  be 
used . The s p e c i f i c  e n e rg y  d ia g ra m , an exa m p le  o f  w hich  is g iven  in 
f ig .  1 .2 ,  show s c le a r ly  the re la t ion sh ip s  betw een  depth and v e lo c ity  
head that m a y  o c c u r  in n o n -u n ifo rm  f low . A s  the depth d e c r e a s e s  
the v e lo c i ty  head in c r e a s e s  until f o r  lo w  depths in shooting flow s  the 
v e lo c i ty  head is  m any t im e s  the depth and m o s t  o f  the s p e c i f i c  e n ergy  
is  k inetic  e n e rg y .  The ra t io  o f  v e lo c i t y  head to depth is  e x p r e s s e d  
conven iently  in te r m s  o f  the F rou d e  num ber .
F2 = Vf = 2 V^/2g. 
gd d
Since the m a x im u m  p o s s ib le  r i s e  o f  the w ater  s u r fa ce  is  equal to 
2 , 2V / 2 g  it is  seen  that F  g iv e s  a d ir e c t  m e a s u r e  o f  this height o f  
d is tu rba n ce  re la t iv e  to the depth.
N o n -u n ifo rm  f lo w  is  trea ted  a n a ly t ica lly  with eq . 1. 1 and 1 .3 .
It w ill  be noted  f r o m  f ig .  1. 1 that z^ -  z_, = SL  and h^ = S^L
w here  S is  the channel s lope  and is  the s lop e  o f  the line jo in ing  
the points w hich  have e leva tion s  above  the datum equal to the total 
head h. This line is  known as the e n ergy  grad e  line  and is  known 
as the s lope  o f  the e n e rg y  grad e  line or  the e n ergy  s lo p e .  S£ m ay  be 
g r e a te r  or  l e s s  than the channel s lope  S. The two s lo p e s  a re  equal 
when the f lo w  is  u n ifo rm . The f lo w  depth f o r  u n iform  flow  is  ca l le d  
the n o rm a l depth. A usefu l re la t ion  f o r  n o n -u n ifo rm  flow  is
t q = ydS f  . (1 .2 3 )
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Since in u n iform  f lo w  = S eq . 1 .23  can be c o n s id e r e d  as a gen era l
re la t ion  that ap p lies  to steady f lo w  r e g a r d le s s  o f  w hether it is un iform  
o r  n o n -u n ifo rm . The su b ject  o f  n on -u n ifo rm  flow  is  trea ted  in m o s t  
h y d rau lics  book s ,  f o r  e x a m p le s  see  r e f .  1. 1 pp 252 -2 74 .
R e fe r e n c e s :
1.1 D augherty , R . L .  , and In g e r s o l l ,  A. C. F lu id  M e ch a n ics ,  
M cG ra w  H ill, 1954
1 .2  R o u se ,  H. , e d ito r ,  E n g in eer in g  H y d ra u lic s ,  John W iley  and 
Sons, 1950.
P r o b le m s :  -
1 .1  In the lo g a r ith m ic  equation f o r  v e lo c i ty  d is tr ibu tion  (eq . 1. 22)
(a) find  the va lues  o f  y / d  and d - y / d  at w hich  the lo c a l  v e lo c i ty  v, 
is  equal to the m ean  v e lo c i ty  V. (b) show  that the av era ge  of the 
v e lo c i t ie s  at points w h ich  a re  0. 2d and 0. 8d down f r o m  the su r fa ce
is  equal to the v e lo c i ty  at a point w h ich  is 0. 6d down f r o m  the s u r fa ce .
1 .2  The fo l low in g  data w e re  obtained in a d e term in a tion  o f  the e f fe c t  
of plant grow th  on the rou gh n ess  in a tra p e zo id a l  c o n c r e t e - l in e d  
ir r ig a t io n  d itch .
B ottom  width = 3. 0 ft
Side s lo p e s  1:1
D is c h a r g e  (steady ) = 24 c fs
S lope of channel bottom  = 0. 0040
Sta. 91+00 Sta. 94+73
W ater s u r fa c e  elevation, ft 875. 13 9 7 3 .5 2
B ottom  e le v a t io n  873. 56
F in d  the value o f  the Manning rou gh n ess  c o e f f i c ie n t  "n "  and the 
a v era ge  sh ear  s t r e s s  (tq) on the boun dary .
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C H A P T E R  2 -  FL O W  IN A L L U V IA L  CHANNELS
2. 1. In trod u ct ion . In the last  cen tury , m a n 's  know ledge o f  the 
m e ch a n ics  o f  r ig id -b o u n d a r y  open channels  has im p ro v e d  until it is now 
p o s s ib le  to d es ig n  and analyze  such  channels  quite s u c c e s s fu l ly .  In the 
c a s e  of channels  w h ose  boun daries  are  c o m p o s e d  o f  e ro d ib le  m a te r ia l  
w hich  is  c a r r ie d  in s ign if icant quantities by the f low ing  w ater ,  the 
status o f  our know ledge  is  not s a t is fa c to ry .  Such s tr e a m s  are  ca l le d  
a lluvia l s t r e a m s .  This  chapter  w il l  be c o n c e r n e d  with the n om encla ture  
co n n e cte d  with a lluv ia l s t r e a m s ,  the p e c u la r it ie s  of such  s tre a m s  w hich 
m ake them d iff icu lt  to treat ana ly t ica lly ,  and a b r ie f  d is c u s s io n  o f  their  
m e c h a n ic s .  M ost  o f  the to p ics  in trod u ced  in this chapter  w il l  be treated  
in m o r e  deta il in la ter  ch a p te rs .
2 .2 .  B ed  F o r m s  and T h e ir  F o r m a t io n .
(a) D unes. C o n s id e r  a f lo w  with a given  depth. At v e r y  low  v e lo c i t ie s  
the f lo w  w il l  be unable to m o v e  the individual sand gra in s  and the bed 
fo r m  (w hatever  it m ight be) w il l  re m a in  unchanged. In this c a s e  the 
sand bed  acts as a r ig id  boundary . A s the v e lo c i ty  is  in c r e a s e d  a 
c r i t i c a l  value w il l  be r e a c h e d  at w h ich  the individual sand gra ins  are 
m o v e d  by the f low ing  w ater .  This c r i t i c a l  value o f  v e lo c i ty  o r  bed 
shear  s t r e s s  at w h ich  the p a r t ic le s  o f  bed m a te r ia l  start to m o v e  d e ­
pends on the depth o f  f lo w , the p r o p e r t ie s  o f  the bed m a te r ia l  and fluid, 
and con figu ra t ion  o f  the channel. (T h is  top ic  w ill  be d is c u s s e d  furth er  
in le c tu re  no. 4. ) When the v e lo c i ty  is  above this c r i t i c a l  value but 
lo w e r  than another value w h ich  w il l  be d is c u s s e d  p re se n t ly ,  i r r e g u la r ,  
haphazard ly  lo ca ted ,  sharp  c r e s t e d  fe a tu re s  w hich  m o v e  dow n stream  
are  fo r m e d .  T h ese  fe a tu re s  are  c a l le d  dunes. In ap p earan ce  they are 
not unlike dunes f o r m e d  by w in d -d r iv e n  sand. An exa m p le  of a typ ica l  
dune pattern  i s  shown in f ig .  2 -1 .  A  dune pattern  changes  continuously  
and hence the bed  m ust be c o n s id e r e d  as a d e fo r m a b le  boundary . At 
low  v e lo c i t i e s ,  the w ater su r fa ce  above dunes is  v e r y  sm ooth . At 
h igher  v e lo c i t ie s ,  s o - c a l l e d  " b o i l s "  are  freq u en t ly  o b s e r v e d .  T hese  
appear as highly turbulent, sed im ent laden areas  and usually  o c c u r  just 
dow n stream  fr o m  dune c r e s t s .  The exa ct  m e ch a n ism  in v o lved  in their
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o c c u r r e n c e  has not been explained.
Som e w r it e r s  m ake a d ist in ct ion  betw een  s m a ll ,  som ew hat regu la r  
and o r d e r ly  a rran ged  dunes w hich  f o r m  at lo w e r  v e lo c i t ie s  and the 
la r g e r ,  m o r e  ra n d om ly  shaped and lo ca te d  dunes w hich  a ccom p a n y  
h igher v e lo c i t i e s .  T h ese  w r it e r s  r e fe r  to the f o r m e r  as r ip p le s  and 
the latter  as dunes. T h ere  appears  to be litt le  rational r e a s o n  f o r  this 
d ist in ct ion  s in ce  the m e ch a n ism  by w h ich  they are  fo r m e d  and sustained 
is  apparently  the sam e in both c a s e s ,  and their  e f fe c ts  a re  qualita tively  
the sam e and cannot be lo g ic a l ly  d ist ingu ished  quantitatively.
Although s e v e r a l  explanations o f  the m e ch a n ism  of dune fo rm a t io n  
have been  p re se n te d ,  none o f  them  is  e n t ire ly  s a t is fa c to ry  and the 
p r o c e s s  by w hich  a g iven  f lo w  see k s  out and sustains a unique dune 
pattern  cannot be r e g a rd e d  as known. The d if f icu lt ie s  stem  fro m  
s e v e r a l  s o u r c e s .  F ir s t ,  the b a s ic  p h y s ica l  p r in c ip le s  o f  the in teract ion  
betw een  the flu id  and bed m a te r ia l ,  and hence the m e ch a n ism  of p a r t ic le  
entrainm ent and tra n sp o r t  a re  not fu lly  un d erstood  and cannot be d e ­
s c r ib e d  m a th em a tica l ly .  S econ d ly , it is  now im p o s s ib le  to d e s c r ib e  a 
dune pattern  quantitatively  e x ce p t  in a g r o s s ,  s ta t is t ica l  w ay and c o n s e ­
quently one cannot d e s c r ib e  the boundary con d it ions  in a m ath em atica l  
an a lys is  o f  the p r o b le m .  The th ird  d if f icu lty  is  that dune fo rm a t io n  in ­
v o lv e s  s co u r  and d ep os it ion  in a ce r ta in  pattern  and the p h ys ics  o f  the 
sed im ent tra n sp o r t ,  e ither on a sm a ll ,  lo c a l  s ca le  or  the g r o s s  t r a n s ­
port  f o r  a f low , is  not u n d erstood  w e ll  enough to be d e s c r ib e d  m a th e ­
m a t ica l ly .
D esp ite  these  d i f f ic u lt ie s ,  s e v e r a l  con cep tu a l m o d e ls  have been  
p r o p o s e d  to explain  the fo rm a t io n  o f  dunes and their  e f fe c t s .  A n d erson  
( re f .  2. 1) a ssu m e d  that dunes resu lt  f r o m  the act ion  of a p e r io d ic  
va r ia tion  o f  v e lo c i ty .  By assu m in g  that the initial f o r m  o f this v e lo c ity  
va r ia tion  is  the sam e as that ca u se d  by s u r fa ce  w ater  w a v e s ,  he was 
able to d e r iv e  a re la t io n  betw een  the depth and v e lo c ity  of f low , and the 
dune w ave length w hich  ap p ears  to be qua lita tive ly  c o r r e c t .  H ow ever, 
this ap p roach  cannot exp la in  the e x is te n ce  o f  dunes in a f lo w  w here  there 
is  no f r e e  su r fa ce  such  as in c l o s e d  p ipes  o r  the a tm o sp h e re .
v o n K a r m a n  ( r e f .  2. 2) has o f fe r e d  an explanation  w hich  a ssu m e s
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that turbu lence  is  instru m en ta l in fo rm in g  the dunes. By m aking 
ce r ta in  assu m p tion s  about the re la t io n  betw een  the m agn itudes  o f  the 
flu id  v e lo c i ty  at the s u r fa ce  o f  the bed, the v e r t ic a l  turbulent v e lo c ity ,  
and the fa l l  v e lo c i ty  o f  the p a r t ic le s ,  he a r r iv e d  at s o m e  qualitative 
functional re la t io n s  betw een  the c h a r a c t e r i s t i c s  o f  the dunes and the 
f low  p a r a m e te r s .  T h ese  re la t ion s  have n ever  been  d e v e lo p e d  fu rth er .
Liu ( r e f .  2. 3) con c lu d ed  that dunes a re  the resu lt  o f  an instab ility  
betw een  the f lu id  and the sand bed s im i la r  to the H elm h oltz  instab ility  
w hich  o c c u r s  at the in te r fa ce  o f  f lu ids  with d if fe ren t  d en s it ie s  and 
v e lo c i t ie s .  The obv ious  d is s im i la r i t y  betw een  a sand bed and a dense 
f lu id , and the d i f fe r e n c e s  betw een  their  r e a c t io n s  to an applied  p r e s s u r e  
d istr ibu tion  m ake this ana logy  rather tenuous.
A lb e r ts o n  et al ( r e f .  2 .4 )  extended L iu 's  id ea  and p resen ted  a 
graph  based  on d im en s ion a l an a lys is  and e x p e r im e n t  on w h ich  they 
delineated  the f lo w  cond it ions  f o r  w hich  d if fe ren t  bed f o r m s  cou ld  be 
exp ected .  This  graph  has not p ro v e d  to be too  r e l ia b le .
In 1956, Bagnold  ( r e f .  2 .5 )  h ypoth es ized  that dunes are  the resu lt  
o f  another type o f  in stab ility .  B a g n o ld 's  id ea  was that the com pon ent 
along the bed  o f  the w eight o f  the f lu id  (bed  shear) is  su pported  by the 
s t r e s s  due to the d e fo rm a t io n  rate  o f  the flu id  near the bed ( v is c o s i t y  of 
the fluid) and a s t r e s s  w hich  r e su lts  f r o m  the in tergran u lar  b o m b a r d ­
m ent o f  the bed  m a te r ia l  by the m a te r ia l  w h ich  is  in tra n sp o r t .  When 
this in tergran u lar  s t r e s s  e x c e e d s  the s t r e s s  w h ich  the m a te r ia l  in the 
bed  can  support by f r i c t i o n  betw een  s u c c e s s iv e  la y e r s  o f  g ra in s  in the 
bed, the bed  d e fo r m s  into dunes. The f o r m  d rag  o f  the dunes then 
supports  the s t r e s s  in e x c e s s  o f  that w h ich  the sand gra in s  can  support. 
T h ere  is  c u r r e n t ly  c o n s id e r a b le  c o n t r o v e r s y  re g a rd in g  the va lid ity  of 
this id ea  and the bulk o f  e x p e r im e n ta l  data neither  p r o v e s  nor d isp r o v e s  
it.
M any other exp lanations  have been  o f fe r e d  f o r  this intriguing p h e ­
nom enon  but ea ch  has s o m e  m a jo r  d e f ic ie n c y .  The p re se n t  state o f  our 
know ledge  o f  the fo rm a t io n  and sustenance  o f  dunes is  em inently  
u n sa t is fa c to ry .
(b) F la t  bed . As the v e lo c i t y  is  in c r e a s e d ,  a value is  re a ch e d  at w hich
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Fig .  Z. 1. Side v iew  of  a typ ical  dune conf igurat ion  in a 
la b o r a t o r y  f lum e.  F lo w  is f r o m  left  to right.
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Fig .  2. 2 Side v iew  of a typical  f lat bed  in a la b o r a to r y  
f lum e.  Ripples  in f o re g r o u n d  are  due to e f fects  of  f lum e 
w a l ls .  F lo w  is f r o m  left to right.
F ig .  2. 3. Top v iew  of  a sand wave in a 3 3 . 5 - in c h  wide 
la b o r a t o r y  f lum e.  F lo w  is f r o m  left  to right.
F ig .  2 .4 .  Side v iew of antidunes in a l a b o r a t o r y  f lum e.  
The wave at the right  has just  broken ,  and the center  
wave is at inc ip ient  breaking .  F lo w  is f r o m  left  to right.
the dunes d isa p p ea r  and the bed b e c o m e s  flat. U sually  a v e r y  sm ooth  
w ater  su r fa ce  a c co m p a n ie s  the f la t  bed con figu ra t ion . A  f lo w  with a 
f lat  bed is  shown in f ig .  2. 2. The r e a s o n  f o r  the bed assu m in g  this 
co n figu ra t ion  in p r e fe r e n c e  to a dune pattern  cannot be g iven  until the 
m e ch a n ics  o f  dune fo rm a t io n  is  understood .
A t  v e lo c i t ie s  in the v i c in i t y  of the tran s it ion  f r o m  dunes to flat 
bed, sand w aves  (a ls o  c a l le d  sand b a rs )  m a y  o c c u r .  T h ese  are  re a ch e s  
o f  flat  bed , s e v e r a l  fe e t  long , w hich  o c c u r  betw een  r e a c h e s  o f  dune 
c o v e r e d  bed . O ver  the flat  bed, the f lo w  v e lo c i ty  and sed im ent tra n sp ort  
rate  a re  la r g e r  and the m ean  w ater  depth is  lo w e r  than o v e r  the dune 
c o v e r e d  r e a c h e s .  Such sand w aves  are  r e p o r te d  by s o m e  la b o ra to ry  
in v e s t ig a to rs  and m ay  o r  m ay  not be a la b o r a to r y  c u r io s i ty .  F ig . 2. 3 
shows a plan v iew  o f  a sand w ave in a f lu m e w h ich  is  33. 5 in ch es  w ide.
(c )  Antidunes. A s the v e lo c i ty  is  fu rth er  in c r e a s e d  and the F rou d e  
num ber , F ,  based  on depth (se e  eq. 1 .1 1 )  a p p roach es  unity, the w ater 
su r fa ce  b e c o m e s  som ew hat unstable and even  sm a ll  d is tu rb a n ces  can  
g ive  r i s e  to s ta tion ary  w aves  o f  s ign if ican t  am plitude. Under the wave 
trou gh s ,  the f lo w  v e lo c i ty  and sed im en t  t ra n sp o r t  rate  a re  la r g e r  than 
under the w ave c r e s t s .  This  d i f fe re n t ia l  t ra n sp o r t  o f  m a te r ia l  f r o m  
under the w ave troughs to under the c r e s t s  ca u s e s  the fo rm a t io n  of bed 
fe a tu re s  c a l le d  antidunes w h ich  are  som ew hat s in uso ida l in f o r m .  A 
typ ica l antidune pattern  is shown in f ig .  2. 4. Antidunes o c c u r  in trains 
o f  three o r  fou r  to twenty or  m o r e  w aves  and usually  m o v e  u p stream , if 
at a ll .  The antidunes and accom p a n y in g  su r fa ce  w aves  in c r e a s e  in 
am plitude and the su r fa ce  w aves  often b reak  in a m anner s im ila r  to the 
break ing  o f  o ce a n  w aves .  It has been  shown by K ennedy ( r e f .  2. 6) that 
the w ave length o f  antidunes is  g iven  by
^  - n r  <2-‘>
w h ere  (lam bda) is  the w ave length (d is tan ce  betw een  ad jacent c r e s t s  
or  trou gh s) .  Kennedy a lso  found that the w aves  b rea k  when their  height 
(v e r t ic a l  d istan ce  f r o m  bottom  of trough  to top o f  c r e s t )  is  o n e -se v e n th  
the w ave length.
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2. 3. E f fe c t  o f  Bed F o r m s  on R ou gh n ess*
E a ch  o f  the d i f fe re n t  bed  f o r m s  d is c u s s e d  in the p r e ce e d in g  se ct io n  
and i l lu s tra ted  in f ig s .  2. 1 to 2. 4 o b v io u s ly  has a d i f fe re n t  ro u g h n e ss* * .  
F o r  a flat  bed without sed im en t  m ovem en t,  the only rou gh n ess  is  that of 
the sand gra in s  and the f r i c t io n  fa c to r  can  be es t im ated  f r o m  a pipe 
f r i c t io n  d ia gra m  i f  the e f fe c t iv e  s ize  o f  the sand as rou gh n ess  is  known.
In f low  o v e r  dunes, the flu id  en cou n ters  two types o f  r e s is ta n c e ,  that 
due to the rou gh n ess  o f  the sand gra in s  and the fo r m  drag o f  the dunes. 
F u rth er ,  the p r e s e n c e  o f  the dunes a lte rs  the m agnitude o f  the gra in  
r e s is ta n c e  s in ce  the m agnitude o f  the shear  on the bed  v a r ie s  f r o m  point 
to point on the d e fo r m e d  bed. The rou gh n ess  of a dune bed is  m uch  
g r e a te r  than that o f  a flat  bed  without m ovem en t,  and the f r i c t io n  fa c to r  
o f  the a ccom p a n y in g  f lo w  is a lso  m u ch  la r g e r .
A flat  bed  with sed im en t  m o v e m e n t  p r e se n ts  s til l  another situation. 
In this ca s e  the rou gh n ess  e lem en ts  on the bed, the sand gra in s ,  are 
m ov in g  and cannot be exp ected  to o f fe r  the sam e r e s is ta n c e  to f low  as 
f ixed  e lem en ts ,  and indeed  they do not. The f r i c t io n  fa c to r  o f  f lo w  o v e r  
a f la t  bed with m ov e m e n t  is  som ew hat lo w e r  than that o f  f lo w  o v e r  a flat 
bed without m ovem en t .  The p r e s e n c e  of antidunes d oes  not ap p re c ia b ly  
change the m agnitude o f  the e f fe c t iv e  rou gh n ess  o f  the bed f r o m  that of 
a f la t  bed with sed im en t  m otion . H ow ev er ,  if the w aves  break , the 
f r ic t io n  fa c to r  o f  the f lo w  w ill  be in c r e a s e d  due to the e n ergy  d iss ip a t ion  
in w ave break ing .
It m ust be borne  in m ind  that, c o n tr a r y  to m any w ide ly  held 
b e l ie fs  and w id e ly  a c ce p te d  texts ,  the rou gh n ess  o f  an a lluv ia l channel
* A  m o r e  c o m p le te  d is c u s s io n  o f  the rou gh n ess  o f  a lluv ia l s tre a m s  w ill  
be p re se n te d  in le c tu r e  no. 8. The p r e l im in a r y  r e m a r k s  h ere  are  
intended only fo r  back ground  fo r  d is c u s s io n  of the m e ch a n ics  of a lluvial 
s tr e a m s  and the d i f f icu lt ie s  in vo lved  in  their  an a lys is .
**  It is  im portan t to b e a r  in m ind  the d ist in ct ion  betw een  rough ness  and 
f r i c t io n  fa c to r .  The rou gh n ess  p erta in s  to the c h a r a c te r  o f  the f low  
boundary and is  a p r o p e r ty  o f  the s iz e ,  shape and spacin g  o f  the p r o ­
tu b era n ces  on the bed. The f r i c t io n  fa c to r ,  such  as that o f  D a r c y -  
W e isb a ch  (eq . 1 .16 )  r e la te s  the rate  o f  e n ergy  d iss ip a t ion  (s lop e )  o f  a 
f lo w  to the rou gh n ess ,  f lu id  p r o p e r t ie s ,  f lo w  v e lo c i t y  and channel 
g e o m e tr y .
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and the f r i c t io n  fa c to r  f o r  f low  in  such  a channel a r e  not con sta n ts ,  but 
can  v a r y  w id e ly  depending on the f o r m  o f  the bed . The bed  f o r m  is 
d e te rm in e d  by  the sand c h a r a c t e r i s t i c s ,  depth and v e lo c i t y  o f  f lo w , and 
w a te r  te m p e ra tu re .  E x p e r im e n ts  have shown that the f r i c t io n  fa c to r  can  
v a ry  by  a fa c to r  o f  s ix  o r  m o r e .
S ed im en t  in  su sp e n s io n  has a sm a ll  but s t i l l  s ign if ican t  e f fe c t  on 
the f r i c t io n  fa c to r  o f  a g iv en  f low . Indeed  th ere  is  no r e a s o n  to  exp ect  
a m ix tu re  o f  sed im en t  and w a te r  to behave the sa m e  as ju s t  w a te r .
V anoni and N o m ic o s  ( r e f .  2..7) have shown that by  in te r fe r in g  w ith the 
turbu lence  pattern  in  the flu id , suspended  sed im en t  re d u ce s  the f r i c t io n  
fa c to r  by  as m uch  as 28 p e r ce n t  f r o m  that f o r  the s a m e  flow  without 
suspended  sed im en t .
2. 4. D e s c r ip t io n  o f  T ra n sp o r ta t io n  and D efin ition  o f  L o a d *
The total sed im en t  d is ch a rg e  o f  a s t r e a m  is  d e fin ed  as the a v e ra g e  
quantity o f  sed im en t  p ass in g  a s e c t io n  o f  the s tr e a m  p e r  unit t im e .  The 
m a te r ia l  w h ich  is being t ra n sp o r te d  is  r e f e r r e d  to as the load  o f  the 
s tr e a m .
It is  conven ient to d istingu ish  s e v e r a l  c la s s e s  o f  load . F i r s t ,  a 
d is t in ct ion  is  m ade  on  the b a s is  o f  the m o d e  o f  t ra n sp o r t .  S o m e  p a r t ic le s  
m o v e  along the bed  o r  v e r y  c l o s e  to it by  r o l l in g ,  s l id in g ,  and m aking 
sh ort  e x c u r s io n s  into the flu id  w h ich  do not c a r r y  the m a te r ia l  m o r e  than 
a few  d ia m e te rs  above  the bed . This  m a te r ia l  is c a l le d  the bed  load .
O ther p a r t ic le s  a r e  c a r r i e d  by  the *£luid at s o m e  d istan ce  f r o m  the bed. 
T h e se  p a r t ic le s  a re  su p ported  by the upw ard  com pon en ts  o f  the turbu lence  
v e lo c i t ie s  and a r e  sw ept a long at rou gh ly  the fo rw a r d  v e lo c i t y  o f  the flu id . 
M a te r ia l  c a r r i e d  in  this m anner is sa id  to be tra n sp o r te d  as suspended  
loa d , and is c a l le d  the suspended  load . The d is t in ct ion  betw een  bed  load  
and suspended  lo a d  is quite nebulous and m a te r ia l  w h ich  is  bed  loa d  at 
one t im e  can  be suspended  load  an instant la ter  s in ce  there  is  a continuous 
in terchange  o f  m a te r ia l  betw een  the two m o d e s .  H o w e v e r ,  th ere  a re  
c e r ta in  advantages in m aking this d is t in ct ion  and treating the two m od es  
ind iv idually .
* S ee  C h apters  5 and 6 fo r  fu rth er  d is c u s s io n  o f  the th e o ry  o f  t ran sp orta t ion  
and its app lica tion .
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The s e co n d  d is t in ct ion ,  w h ich  is  based  on the re la t iv e  p a r t ic le  
s iz e ,  c la s s i f i e s  the load  into bed  m a te r ia l  load  and w ash  load . The bed 
m a te r ia l  load  is  c o m p o s e d  o f  p a r t ic le  s iz e s  found in  a p p re c ia b le  
quantities in  the a c t iv e ly  m oving  part  of the bed . The w ash  loa d  is c o m ­
p o se d  o f  the f in e r  p a r t ic le s  w h ich  a r e  found on ly  in  r e la t iv e ly  sm a ll  
quantities in  the bed . It is c a r r i e d  a lm o s t  e n t ire ly  in su sp e n s io n  and its 
m agnitude depends p r im a r i ly  on the am ount o f  fine m a te r ia l  av a ilab le  to 
the s tr e a m  and is  not d e te rm in e d  by  the depth and v e lo c i ty .
The fina l d is t in c t ion  is b a s e d  on the technique u sed  in m easu r in g  
the sed im en t  d is c h a rg e .  Due to the p h y s ica l  s iz e  o f  the s a m p le r s  used  to 
m e a s u r e  the co n ce n tra t io n ,  it is im p o s s ib le  to m e a s u r e  the bed  load  and 
the suspended  load  v e r y  n ear  the bed. The p ro d u ct  o f  the con cen tra t ion  
d e te rm in e d  f r o m  su ch  m e a s u re m e n ts  and the w ater  d is ch a rg e  is c a l le d  
the m e a s u r e d  sed im en t  d is ch a rg e  o f  the s tr e a m . The d i f fe r e n c e  betw een  
the tota l and the m e a s u r e d  sed im en t  d is c h a rg e  is c a l le d  the u n m easu red  
sed im en t  d is ch a rg e .
In f low  o v e r  a f lat  bed  the m a te r ia l  on and near  the bed  is  sw ept 
along ra ther  u n ifo rm ly  and there  is  r e la t iv e ly  litt le  v a r ia t io n  in the lo c a l  
sed im en t  tra n s p o r t  ra te . W hen  dunes a r e  p re se n t ,  m a te r ia l  is  c a r r ie d  
up the u p s tre a m  fa c e s  o f  the dunes to the c r e s t .  S om e o f  the m a te r ia l  is 
then c a r r i e d  fo rw a r d  to the u p s tre a m  s lo p e  o f  the next dune w h e re  it 
continues its m o v e m e n t  and the r e s t  d rops  into the sh e lte re d  a r e a  on the 
lee  s ide  o f  the dune. This d if fe ren t ia l  t ra n sp o r t  f r o m  the u p stre a m  side  
to the lee  s ide  a ccou n ts  fo r  the d ow n strea m  m o v e m e n t  of the dune.
A  s im i la r  explanation  a ccou n ts  fo r  the u p s tre a m  m o v e m e n t  of 
antidunes. In f low  o v e r  antidunes the t ra n sp o r t  ca p a c ity  on the a d v e r s e  
s lop e  o f  the u p s tre a m  fa ce  o f  the dune is l e s s  than on the d ow n stream  fa ce .  
T h e r e fo r e  d ep os it ion  o c c u r s  on the u p s tre a m  fa c e  and e r o s io n  o c c u r s  on 
the d ow n stream  fa c e  and the p r o f i le  m o v e s  u p strea m .
2. 5. Statem ent o f  the P r o b le m  o f  H yd ra u lics  o f  A llu v ia l  Channels
W ith  the back grou n d  o f  the p re ce d in g  s e c t io n s  it is p o s s ib le  to 
b r ie f ly  d is c u s s  the m e ch a n ics  o f  a l lu v ia l  channels  and the d if f icu lt ie s  
en cou n tered  in the d e s ig n  and an a lys is  o f  such  chann els .  C o n s id e r  a
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natural o r  m a n -m a d e  a lluv ia l channel w hich  is  in equ il ib r iu m  with its 
bed (i. e . , there  is  no net s co u r  or  d ep os it ion  o f  bed m a te r ia l ) .  It w ill  
be a ssu m e d  f o r  the p u rp ose  o f  this d is c u s s io n  that the s lope  o f  the 
s tream  d oes  not change during changes  in d is c h a rg e s  such  as o c cu r  
during the p a ssa g e  o f  a f lo o d .  W hether o r  not this is  s t r ic t ly  true is  a 
m o o t  question .
F e d  into ea ch  re a c h  of the s tream  is  a c e r ta in  w ater  d isch a rg e  
and a sed im en t  load  w h ich  the s tream  m ust t ra n sp ort .  S ince the channel 
has no c o n tr o l  o v e r  the m agnitude o f  these quantities, they m ay  be c o n ­
s id e re d  as the independent v a r ia b le s .  By changing its bed  con figu rat ion  
(rou gh n ess)  the s tream  can adjust the depth and v e lo c i ty  o f  f lo w  and the 
fa c to r s  (w hatever they m ay  be) w h ich  g o v e rn  the sed im ent tra n sp ort  
ca p a c ity  o f  the f lo w  in such  a w ay that the im p o se d  w ater  and sed im ent 
load  can be a c co m o d a te d .  Thus a s tre a m  that m ight have a dune bed 
with a v e r y  la rg e  rou gh n ess  at a low  f lo w  w ill  change its  dune c o n f ig u r a ­
tion to re d u ce  the rou gh n ess  as the w ater  and sed im ent load  in c r e a s e .  
F in a lly  the bed w il l  b e c o m e  flat  to o f fe r  the m in im um  r e s is ta n c e  to the 
f low . A ls o ,  as the load  in c r e a s e s ,  the suspended  sed im en t  acts to 
fu rth er  d e c r e a s e  the f r i c t io n  fa c to r  o f  the f lo w  by a ffect in g  the intensity  
and d istr ibu tion  of the turbu lence  as was d is c u s s e d  in s e c t io n  2 .3 .  Thus, 
s in ce  it can  change its rou gh n ess ,  the fluctuation  in depth fo r  a given 
change in d is ch a rg e  w il l  be le s s  f o r  an a lluv ia l s tre a m  than fo r  a channel 
with f ixed  rou gh n ess .  C o n s id e r in g  the la r g e  range  o f  d is ch a rg e  found 
in natural s tre a m s  and the l im ite d  p e r m is s ib le  v a r ia t ion s  in depth 
b e fo r e  dam age r e s u lt s ,  it is  fortunate  indeed  that a lluvia l s tre a m s  can 
change their  rou gh n ess .
T h ese  sam e fa c to r s  that a re  the boon  of natural r iv e r s  are the 
bane o f  the sed im entation  en g in eer .  His c o l le a g u e s  who deal with f i x e d ­
rou gh n ess  open channels  w h ich  c a r r y  c le a r  w ater have only one in d e ­
pendent v a r ia b le ,  d is c h a rg e ,  and one dependent v a r ia b le ,  depth.
F u rth e r ,  they have a g rea t  dea l of r e l ia b le  in fo rm a tion  ava ilab le  to d e t e r ­
m ine the rou gh n ess  c o r r e s p o n d in g  to the channel su r fa ce  and a s e le c t io n  
of s e v e r a l  fa i r ly  r e l ia b le  f lo w  equations (e. g. , M anning 's)  to re late  the 
d is ch a rg e  depth and rou gh n ess .  A llu v ia l  s tr e a m s  have to tra n sp ort  the
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sed im ent  load  im p o s e d  on the s tre am  with the avai lable  water  d i s c h a rg e .  
To  a s su re  that so lut ions  ex is t  f o r  all com b inat ions  of  d i s c h a rg e  and 
load, the depth m ust  be re la ted  to both o f  these quantities .  In al luvial 
s t r e a m s ,  this re la t ion  is  a c c o m p l i s h e d  through the in t e r m e d ia r y  of 
va r ia b le  r o u gh n e ss .  The roughness  adjusts  so  that the depth and v e lo c i ty  
g ive  the r e q u ir e d  d i s c h a r g e  and the fa c t o r s  that g o v e r n  the cap ac i ty  of  
the f low  f o r  sed im ent  are  such  that the im p o s e d  load  is c a r r i e d  by the 
avai lable  d i s c h a r g e .  Thus, to ach ieve  a solut ion,  one re lat ion  in 
addition to the f l o w  equation is needed :  a re la t ion  betw een  roughness ,  
d i s c h a rg e  and load.  The avai lab le  techniques  f o r  so lv ing  p r o b le m s  of 
f l ow  in alluvial  channels  e f fe c t  this re la t ion  by v a r io u s  ways ,  none of  
which  is en t i re ly  re l ia b le  or  can  be e x p r e s s e d  in a s im p le  fo rm u la .
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2. 3. Liu, H sin-Kuan,  "M e c h a n i c s  o f  S e d im e n t -R ip p le  F o r m a t i o n s " ,
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C H A P T E R  3 -  P R O P E R T IE S  OF SEDIM ENT
Only the p r o p e r t ie s  o f  sed im en t  pertin ent to sed im en t  tra n sp ort  
w ill  be d is c u s s e d  in this s e c t io n .  M any other  p r o p e r t ie s  o f  sed im ents  
and so i ls  o f  in te re s t  to g e o lo g is t s ,  s o i l  p h y s ic is t s ,  and foundations 
en g in eers  w ill  not be c o n s id e r e d .
3. 1 P a r t ic le  Size and Shape. G ra in  s iz e  is  the m o s t  im portan t 
p r o p e r ty  a ffect ing  tran sp ortab il ity  o f  sed im en t . At one e x tr e m e  of  
the sp e c tru m  o f  s iz e s  are  la r g e  b ou ld ers  w hich  a re  r o l le d  only by 
v io len t  m ountain s tr e a m s ,  and at the other , fine c la y ,  w hich  once  
suspended , r e q u ir e s  days to sett le .  H ydrau lic  en g in eers  use the 
usual c la s s i f i c a t io n  o f  s iz e s  into b ou ld ers  and c o b b le s  (64 - 4000 m m ),  
g ra v e l  (2 - 64 m m ),  sand (0 .0 6 2  - 2 m m ),  s ilt  (4 - 62 m ic r o n s ) ,  and 
c la y  (0 .2 4  -  4 m ic r o n s ) .  It should be  noted  that t e r m s  such  as wash 
load , suspended  lo a d ,  bed  load , e t c . ,  r e fe r  to m ethod  o f  tra n sp ort  
in any p a r t icu la r  situation and do not c o r r e s p o n d  to any f ix e d  s ize  
g ra d u a tio n s .
Since natural gra in s  a re  not s p h e r ica l ,  the " d ia m e t e r "  o r  gra in  
s ize  depends on how it is  d e term in ed . C om m on  defin ition s  a re  as 
fo l low s :
(a) Sedim entation  d ia m e te r  - d ia m e te r  o f  sp h ere  o f  sa m e  density  with 
sam e settling v e lo c i ty  in sam e f lu id  at sam e te m p e ra tu re .
(b) S ieve d ia m e te r  -  opening o f  square  m e s h  s ie v e  w hich w ill  just  
p ass  the p a r t ic le .
(c) N om inal d ia m e te r  -  d ia m eter  o f  sph ere  o f  equal v o lu m e .
(d) T r ia x ia l  d im e n s io n s . -  a, b, c .
F o r  c lay ,  s ilt ,  and fine sand it is p r a c t ic a l  to d e term in e  the sed im en ta ­
tion d ia m eter  by settling  an a lys is  m ethods  such  as 1) p ipette ,
2) bottom  w ithdraw al tube, 3) h y d r o m e te r ,  and 4) v isu a l a c c u m u la ­
tion tube. F o r  sand and g r a v e l  s ie v e  an a lys is  is  conven ient, and fo r  
g ra v e l  and bo u ld e rs  d ir e c t  m e a s u r e m e n ts  can be m ade by c a l ip e r s  
or  by v o lu m e tr ic  d isp la ce m e n t .
A lthough p a r t ic le  shape a f fe c ts  sed im en t  tra n sp o r t  there  is  at 
p re se n t  no d ir e c t ,  p r a c t ic a l ,  quantitative way to a s s e s s  p a r t ic le  shape 
and its effects^ excep t  on fa il  v e lo c i ty .  (See r e f .  3. 3e and f ig .  3. 1 -A ) .
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3. 2 D ensity  and P e tro g ra p h ic  A n a ly s is .  R iv e r  sand is naturally  c o m ­
p o se d  o f  a va r ie ty  o f  m in e r a ls ,  quartz and fe ld s p a r  being predom inant. 
The m ean s p e c i f i c  g rav ity  v a r ie s  l it t le ,  usually  being in the range
2 . 6  to 2 . 7 .  H eavy m in e r a ls  (sucii as m agnetize; oiten o e cu m e  s e g r e ­
gated f r o m  l ig h te r  on es ,  fo rm in g  bands along c r e s t s  o f  dunes fo r  
exa m p le ,  b e ca u s e  they a r e  l e s s  e a s i ly  tra n sp orted .
3. 3 Settling V e lo c i ty .  The settling or  fa l l  v e lo c i ty  o f  a g ra in  is the 
rate at w hich it fa l ls  in a s til l  f lu id . The flu id  drag on the p a r t ic le  
equals its su b m e rg e d  w eight.
When p a r t ic le s  a re  c a r r i e d  as suspended  loa d  they a re  continually  
settling back  tow ard  the bed, with the turbu lence  tending to d iffuse  
them  upward into the f low , thereby  counteracting  the settling . Thus 
the fa ll  v e lo c i ty  is  the m o s t  pertinent c h a r a c t e r is t i c  o f  f ine  sed im ent 
(sand, s ilt  and c la y ) ,  and fu r th e rm o r e  it r e f le c t s  the c o m b in e d  in ­
f luence  o f  p a r t ic le  s iz e ,  shape, and density , and flu id  density  and 
v is c o s i t y .
In a turbulent flu id , such  as in a s t r e a m ,  the m ean fa ll v e lo c i ty  
can be exp ected  to be n e a r ly  the sam e as in a q u ie sce n t  flu id . A s  a 
rough f i r s t  a p p rox im a tion  one m ay  v isu a liz e  the p a r t ic le  settling at 
a un iform  rate re la t iv e  to the surrounding  flu id , w hich  is  s o m e t im e s  
going up, s o m e t im e s  down owing to tu rbu len ce . The p r o b le m  is  c o m ­
p lica ted  by a c c e le r a t io n  a f fe c ts ,  and cannot be s o lv e d  r ig o r o u s ly .
(a) S p h eres .  F o r  s p h e re s ,  the fa ll  v e lo c i ty  can re a d ily  be d e term in ed  
f r o m  the d r a g - c o e f f i c i e n t -R e y n o ld s -n u m b e r  cu rv e  (se e  r e f .  3. 1, 
p-122 or  3 .2 ,  p. 304). C u rv es  o f  fa ll  v e lo c ity  v e r s u s  d ia m e te r  o f  
quartz s p h e re s  ( s p e c .  g ra v .  = 2 .6 5 ) ,  settling in w a te r ,a r e  e s p e c ia l ly  
usefu l in finding the sed im entation  d ia m e te r  f o r  o b s e r v e d  va lues  o f
the fa ll  v e lo c i ty .  (See f ig .  3 . 1 ) .
(b) Stokes Law  fo r  settling o f  sm a ll  sp h e re s  is
W = T8 fr£T ” (3*1}i s f y
w here  w = settling v e lo c ity
s g= s p e c i f i c  g ra v ity  o f  p a r t ic le
S£= s p e c i f i c  g ra v ity  o f  flu id  ( = 1 f o r  water)
g = grav ita t ion a l a c c e le r a t io n
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F ig .  3. 1 T e rm in a l  v e lo c i ty  o f  fa ll  fo r  quartz sph eres  in a ir  
and w ater.
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F ig .  3. 1 -a  R e la tion  o f  s ieve  d iam eter  and fa ll  d iam eter  fo r  
naturally  w orn  quartz p a r t ic le s  fo r  va r io u s  shape 
fa c to r s  ( S . F . ) .  (F r o m  r e f .  3 .3 e ,  p. 37).
N otes: 1. F a ll  d ia m eter  is  sed im entation  d ia m eter  
fo r  fa l l  in w ater  at 24 C only.
2. Shape fa c to r  S .F .  is  defined  in te r m s  of 
the tr ia x ia l  d im en sion s  as:
S . F .  = c/sTatT 
w here
a = lon g est  axis
b = in term ed ia te  axis
c = sh o r te s t  o f  the three m utually
p erp e n d icu la r  axes  o f  the p a r t ic le .
d = d ia m eter  o f  sphere  
y  = k inem atic  v is c o s i t y .
It app lies  only when the sph ere  is  sm a ll  enough so  that
V < 0 - u
F o r  quartz s p h e re s  in w ater , the upper l im it  o f  Stokes Law  is  
ap p rox im a te ly  0. 05 m m , o r  rough ly  the divid ing s iz e  betw een  s ilt  and 
sand.
(c) Sedim entation  D ia m e te r .  A  r e ce n t  find  is  that the sed im entation  
d ia m e te r  fo r  a natural sand gra in  is  not unique f o r  a g iven  p a r t ic le ,  
but depends on the flu id  c h a r a c t e r is t i c s  as w ell  ( r e f .  3. 3e). F o r  a 
sph ere  the sed im entation  d ia m e te r  is  the sam e (nam ely  the actual 
d iam eter )  w hether the fa ll  test  is  m ade in w ater , a ir ,  o i l ,  o r  a flu id  
o f  any density  o r  v i s c o s i t y .  H ow ev er ,  fo r  i r r e g u la r  p a r t ic le s  the 
shape ap p ears  to have a d ifferen t  re la t ive  e f fe c t  on the settling v e lo c i ty  
at d if fe ren t  R ey n o ld s  n u m bers  ( ~ r ) .  Thus in r e f .  3. 3e .a  new, but 
re la ted  defin ition  is  in trod u ced ; n am ely ,  the standard  fa ll  d ia m eter  
w hich  is  the sed im entation  d ia m eter  when the fa ll  test  is  m ade  in 
w ater  o f  24 °C .
It should be r e m e m b e r e d ,  h o w e v e r ,  that the d eterm in a tion  o f  fa l l  
v e lo c i ty  by  d ir e c t  o b s e rv a t io n  is  a va luable  a im  in i t s e l f .  H ow one 
co n v e r ts  to an equivalent d ia m e te r  is  not as im p ortan t  as c o n s is te n c y  
o f  p r o c e d u r e .
No s tra ig h t fo rw a rd  way has been  d e v ise d  f o r  adjusting fa ll 
v e lo c i ty  w o f  a natural g ra in  o b s e r v e d  at one te m p e ra tu re  to w at 
another te m p e ra tu re .  It can be done by r e f .  3. 3e, but not in a d ir e c t  
o r  highly r e l ia b le  way, b e ca u se  o f  the em p h a s is  on d ia m e te rs  in that 
r e p o r t .  R e f .  3. 3e a ls o  g iv e s  in fo rm a tion  re la tin g  s ie v e  d ia m e te r  to 
fa ll  d ia m e te rs  and fa ll  v e lo c i ty  f o r  g ra in s  o f  va r io u s  shape fa c to r s .
(d) H in d ered  settling is  the re ta rd a n ce  o f  the settling o f  a s ingle  
p a r t ic le  due to the p r e s e n c e  o f  n e ighbor ing  p a r t i c le s .  F o r  exa m p le ,  
using r e f .  3. 5, it  can be shown that the standard h y d r o m e te r  test  fo r  
p a r t ic le  s ize  ana lys is  using 50 g r a m s / l i t e r  o f  c la y  ca u s e s  p a r t ic le  
settling v e lo c i t ie s  to be 30% l e s s  than f o r  unhindered settling , and 
com pu ted  sed im en tation  d ia m e te rs  to be 16% too  s m a ll .
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H indrance a ls o  o c c u r s  when a p a r t ic le  se tt les  in a  con fin ed  co lu m n . 
E ven  when the co lu m n  d ia m e te r  is  100 t im es  the sph ere  d ia m e te r ,  a 
2 .5 %  red u ction  in fa l l  v e lo c i ty  m ay  be o b s e r v e d  (r e f .  3. 1, p .7 7 9 ) .
(e) F lo c c u la t io n  o f  fine sed im en ts  (m ain ly  c la ys )  often g re a t ly  in ­
c r e a s e s  settling ra te s ,  b e ca u se  m any c la y  p a r t ic le s  m ay  b e c o m e  
a g g lo m e ra te d  and settle  as l a r g e r  units, n am ely  f l o e s .  Rate  o f  
f lo c c u la t io n  depends not on ly  on turbu lence  le v e ls  and p a r t ic le  c o n ­
cen tra t ion s ,  but a ls o  on the p h y s ica l  c h e m is t r y  o f  the p a r t ic le s  and 
the c h e m ic a l  c o m p o s it io n  o f  suspending fluid.
In m aking tests  o f  settling v e lo c i ty  o f  fine se d im e n ts ,  attention 
should  be g iven  to w hether la b o r a to r y  cond it ions  o f  f lo c cu la t io n  are  
at a ll  s im i la r  to f ie ld  con d it ion s .  If  a d e floccu la t in g  agent is  used  in 
the la b o r a to r y ,  the true individual p a r t ic le  settling v e lo c i ty  m ay  be 
obtained; but the sed im en t  m ay  n e v e r  settle  at such a s low  rate under 
f ie ld  cond it ions  ( r e f .  3 .4 ) .
3 .4  F re q u e n cy  D ist  l ib u t io n s . A ll  natural sed im en ts  have a d istr ibution  
o f  s iz e s  and settling v e lo c i t ie s ,  as they a re  n e v e r  p e r fe c t ly  un iform .
The fluvia l b eh a v ior  o f  sed im en t  m ay  be e x p e c te d  to depend on the 
spread  o f  s i z e s ,  as w ell  as on the m ean  s iz e .  G e n e ra lly ,  r e s e a r c h  
has dealt p r im a r i ly  with m ean  s iz e ,  with litt le  attention to c h a r a c t e r i s ­
t ics  o f  the d istr ibu tion .
F u rth e r  c o m p lic a t io n  a r i s e s  in natural s tre a m s  b e ca u se  there 
a re  obv ious  v a r ia t ion s  in g ra in  s iz e  f r o m  p la ce  to p la c e ,  and betw een  
bed  and banks. R iv e r s  a re  constantly  sort ing  their  sed im en t  lo a d s ,  
and hence obtaining r e p re se n ta t iv e  sa m p le s  o f  r iv e r  bed  m a te r ia l  is 
d iff icu lt .
(a ) D efin ition  o f  cum ulative  fre q u e n cy  d istr ibu tion . The d istr ibu tion  
o f  s iz e s  (o r  settling  v e lo c i t ie s )  m a y  be re p re s e n te d  g ra p h ica l ly  by 
plotting "p e r c e n t  by w eight f in e r "  v s .  " g r a in  s i z e " .  Such a graph  
(se e  f ig .  3 .2 )  is  te ch n ica l ly  known as a cu m ulative  fre q u e n cy  
d istr ibu tion . A lthough there  a r e  m any m a th em a tica l  fo rm u la tion s  
ava ilab le  fo r  fitting fre q u e n cy  d is tr ib u t ion s ,  only the " n o r m a l "  or 
"G a u ss ia n "  d istr ibu tion , w hich  is  the m o s t  usefu l, w ill  be d is c u s s e d  
h e re .  T ab le  3. 1 g iv e s  pertin ent data on this d istr ibu tion .
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F ig .  3 .2  E xam ple  of cum ulative  freq u en cy  d istr ibution  o f  s ieve  
d ia m e te r  on s e m i- lo g a r i th m ic  graph  p ap er .  (See a lso  
F ig .  3 .5)  (K izu R iv e r ,  Japan).
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0 . 1  3 . 9 8
0 . 2  7 . 9 3
0 . 3  11 .79
0 . 4  1 5 . 54
0 . 5  19 .15
0 . 6  22 . 57
0 . 7  25 . 80
0 .8  28 .81
0 . 9  3 1 . 59
1 .0  34 . 13
1.1 36 . 43
1 .2  38 . 49
1 . 3  4 0 . 3 2
1 . 4  4 1 . 9 2
1 . 5  4 3 . 32
1 . 6  4 4 . 5 2
1.7  4 5 . 5 4
1 . 8  46 . 41
1 . 9  4 7 . 1 3
2 . 0  4 7 . 7 3
2 . 1  48 . 21
2 . 2  48 . 61
2 . 3  4 8 . 9 3
2 . 4  4 9 . 1 8
2 . 5  4 9 . 3 8
2 . 6  4 9 . 5 3
2 . 7  4 9 . 6 5
2 . 8  4 9 . 7 4
2 . 9  49 . 81
3 . 0  4 9 . 865
3 .1  49 . 903
3 . 2  49 . 931 29
3 . 3  4 9 . 951 66
3 . 4  49 . 96631
3 . 5  4 9 . 9 7 6 74
3 . 6  49 . 984 09
3 . 7  49 . 989 22
3 . 8  49 .99277
3 . 9  4 9 . 9 95 1 9
4 . 0  49 . 996 83
oo 50. 00
2 5 . 00  0 . 6745
4 0 . 0 0  1.2817
4 5 . 0 0  1 .645
4 9 . 0 0  2 . 327
4 9 . 9 0  3 . 090
4 9 . 9 9  3 . 722
4 9 . 99 9  4 . 2 6 5
4 9 . 9 99 9  4 . 7529
50 . 00  oo
Table  3. 1
Values  o f  the Cumulat ive  N o r m a l  
F r e q u e n c y  Dist r ibut ion Funct ion
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Space does  not p e r m it  treatm en t o f  the su b ject  o f  m ath em atica l  
s ta tis t ics  (see  r e f .  3 .6  and 3 .7  fo r  e lem en ta ry  treatm en t);  only som e  
p r a c t ic a l  p r o c e d u r e s  fo r  app lication  can be c o v e r e d  in the fo llow ing  
s e c t io n s .
(b) A r ith m e t ic  p rob a b il ity  pap er  f o r  n o rm a l d istr ibu tion . In f i g . 3 .2  
the cu rv e  has an S -sh a p e  on s e m i - lo g a r i t h m ic  graph  pap er  with the 
ends being a sym p to t ic  to the 0% and 100% l in e s .  B e ca u se  o f  the 
sp rea d  o f  g ra in  s iz e s  the lo g a r ith m ic  s ca le  is  a lm o s t  a lw ays used  fo r  
' g ra in  s iz e .  One m ight a ls o  c o n s id e r  the a b s c i s s a  to be an a r ith m etic
s ca le  o f  lo g a r ith m s  o f  g ra in  s iz e .  F o r  s im p lic i ty  the fo llow ing  d i s ­
c u s s io n  is  b a se d  at f i r s t  on the assu m p tion  that the a b s c i s s a  s ca le  is  
a r ith m e tic ,  and fo r  this p u rp o se  we shall use as an exam ple  the 
d istr ibu tion  o f  annual ra in fa ll  at S p r in g fie ld , M a s s .  ( fig .  3 .3 ) .
The n o rm a l d istr ibu tion  a ls o  p lo ts  as an S -sh a p e  cu rve  on a 
graph  like  f ig .  3 .3 ,  but one cannot re a d ily  d e term in e  w hether the 
S -c u r v e  p lotted  through a set  o f  data points  is  an S - c u r v e  rep resen tin g  
a n o rm a l d istr ibu tion . Thus it is  usefu l to d ev ise  a d is to r te d  type of 
graph  pap er  on w hich  the cum ulative  n o rm a l d istr ibu tion  ap p ears  as a 
straight l in e ;  such  graph  p ap er  is  c a l le d  a r ith m etic  p ro b a b il i ty  p ap er ,  
a sam ple  o f  w hich  is  shown in f ig .  3 .4  showing sam e ra in fa ll  data as 
f ig . 3. 3. Note that 0 and 100% do not even  appear  on this graph .
Now when data points p lotted  on p ro b a b il i ty  paper  can  be fitted  
with a s tra ight l in e , we have au tom atica lly  fitted  a n o rm a l d istr ibu tion . 
The in te rce p t  and s lop e  o f  the line  c o r r e s p o n d  to the m ean  (Dm ) and
standard deviation , <T , o f  the d istr ibu tion . The m ean  is  the value 
read  o ff  the graph  at 50% and the standard deviation  6“ is
'P = D §4. 1 " D 50 = D 50 '  D 15. 9 2)
w here  Dfl>. , r e p re s e n ts  the s ize  f o r  w hich  84. 1% is  f in e r ,  and so
on. One o f  the g re a t  advantages o f  p ro b a b il i ty  pap er  ( r a r e ly  m entioned  
in textbooks) is  that one can d e term in e  Dm  and (j~  g ra p h ica l ly  w ith ­
out r e so r t in g  to lengthy ca lcu la t io n s .
The standard deviation  is  a m e a s u r e  o f  the sp re a d  o f  a d is t r ib u ­
tion: the la r g e r  0 ~  , the g r e a t e r  the range o f  v a lu es .  F o r  a n o rm a l
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Fig.  3 .3
F ig . 3. 3 E xam ple  of cum ulative  fre q u e n cy  d istr ibution  on ar ith m etic  
graph  paper  (See a lso  F ig . 3 .4 ) .  (Annual rainfall at 
Springfie ld , M a s s . ,  1848 - 1938).
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F ig .  3 .4  E xam ple  of cum ulative  f re q u e n cy  d istr ibu tion  on a r ith m etic  
p ro b a b il i ty  pap er  (sa m e  data as F ig .  3. 3). (Annual ra in fa ll 
at Springfie ld , M a s s .  1848-1938).
d istr ib u tion , note the fo llow in g  va lu es:
P e r c e n t  w ithin 
R ange in d ica ted  range
M ean _+ (P  6 8 . 2
M ean + 2 (T~ 9 5 .4
M ean + 3 <P 9 9 .7  3
The d istr ib u tion  is  s y m m e tr ic  about the m ean . F o r  oth er m u ltip les  o f 
G  , the p e rce n ta g e  can  be rea d  fr o m  p ro b a b ility  p a p er  o r  tab le  3. 1.
(c) L o g a r ith m ic  p ro b a b ility  p a p e r . F o r  this type o f  p a p er  the p r o b a b il­
ity  s ca le  is  ju s t  lik e  a r ith m e tic  p ro b a b ility  p a p e r , but the s ca le  fo r  
the v a r ia b le  is  s im p ly  changed  fr o m  a r ith m etic  to lo g a r ith m ic .
N atural sands often  p lo t  as n e a r ly  a s tra ig h t lin e  on this k ind o f p a p er , 
w ith d ev ia tion s  on ly  at the ex tre m e  ends (la s t  few  p e r c e n t ) . (See 
f ig . 3 .5  fo r  exam ple, show ing sam e s ie v e  an a lysis  as f ig . 3 .2 ) .  A 
d istr ib u tion  w hich  can  be re p re s e n te d  by a stra igh t lin e  on lo g  
p ro b a b ility  p ap er is  c a lle d  a lo g  n orm a l d istr ib u tio n .
F o r  this ca s e  D^q now  b e c o m e s  the g e o m e tr ic  m ean  Dm ^.
In p la ce  o f  , we have the g e o m e tr ic  standard  d ev ia tion  £F g iven
S
by
cr = V . 1 = p .3 )
g ° 5 0  D 15 .9
N ote that d iv is io n  now r e p la c e s  su b tra ction  in  eq . 3. 2. F u rth e rm o re  
fo r  the lo g a r ith m ic  n o rm a l d istr ib u tion  the ran g es  a re  g iven  as 
fo llo w s :
P e r c e n t  w ithin
R ange in d ica ted  range
D
— to D CP 6 8 . 2
■Pg mg- g
D - ~ .  2
-5 S & - to D P  9 5 . 4
<5g m g g
D • 3- g i f -  to D CT 9 9 . 7 3
(fg3 m g  g
In c a s e s  w h ere  the p lotted  cu rv e  is  not e x a ctly  s tra ig h t on log
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F ig .  3. 5 E xam ple  o f  cum ulative  d istr ibution  o f  s ie v e  d ia m e te r  on 
lo g a r ith m ic  p rob a b il ity  paper  (sa m e  sam ple  as F ig .  3 . 2 ) .  
(K izu  R iv e r ,  Japan).
(table continued)
p ro b a b il i ty  p a p e r ,  Otto (re f .  3 .8 )  suggests  connecting  the points b>15 ^
and D 0 . with a s tra ight - l in e  segm ent, and com puting  D and 84. 1 m g
f r o m  this s tra ig h t - l in e  segm ent.
It is  im portan t to r e m e m b e r  that w hether or  not the p lotted  cu rv e  
is  a stra ight line on p ro b a b il i ty  p ap er ,  these two kinds o f  paper are  s til l  
v e r y  usefu l f o r  p resen tin g  s iz e  o r  fa l l  v e lo c i ty  d istr ibu tion  data.
T able  3. 2
Sedim ent S am ples  f r o m  Natural R iv e r  B e d s ,  B e a ch e s  and Dunes
3 -1 4
R iv e r -B e d s
G e o m e tr ic  
P la ce  M ean Sieve 
D iam eter
G e o m e tr ic  
Std. D eviation
Dm g
(m m )
<r
g
M is s o u r i  R . Om aha, N eb. 0. 20 1 .2 0
Chao Phya R. 5 m i .  u / s  S ingburi, 0. 28 
Thailand
1 .2 8
C o lo ra d o  R iv e r T o p o ck  G o rg e ,  C a lif.  0. 20 1 .3 4
C o lo ra d o  R iv e r T a y lo r 's  F e r r y ,  C a lif .  0. 32 1 .4 4
V irg in  R iv e r W eeping R o ck ,  Z io n  0. 17 
N at'l P a rk ,  Utah
1.40
V irg in  R iv e r St. G e o r g e ,  Utah 0 .1 8 1. 39
Umqua R . 
(South F ork )
0. 5 m i .  S. o f  0 .1 4  
R o s e b u r g ,  O regon
1 .4 5
L ittle  C o lo r a d o  R. C a m e ro n ,  A r i z .  0. 16 1.47
W est G o o s e  C re e k Nr. O x ford ,  M is s .  0. 29 1. 50
D ry  C re e k A . R . S .  Sta. 10, Nr. 0. 38 
H olly  S p r ings , M is s .
1. 54
N io b ra ra  R . N ear C ody , Neb. 0. 28 1. 60
T ib e r  R iv e r R o m e ,  Ita ly  0. 42 1 .69
S aco  R iv e r Nr. highway U .S . 0 .4 6  
302, nr . F r y e b u r g ,
M aine
1. 71
S a l in a s 'R iv e r 8 m i .N .  o f  B ra d ley ,  0 .6 4  
C alif.
1.71
T able  3. 2 (con t 'd )
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(d) T y p ica l  va lues  o f  6~  . Som e s e le c te d  va lues of D and CT are  — UL--------------------------g g g
lis te d  in table 3. 2, in o r d e r  o f  in c r e a s in g  C ~  . S om e o f  the va lues w e re
g
com pu ted  f r o m  data in the l i te ra tu re ,  and o th ers  a re  based  on s ieve
ana lyses  o f  s a m p le s  c o l l e c t e d  by the authors .
It is  in terest in g  to note that s m a l le r  va lues  of <5"" appear to be
©
a s s o c ia te d  with the s m a l le r  Dg va lu es ,  o ften  f o r  the la r g e r  r iv e r s .  F o r
the c o a r s e r  m a te r ia l  ( la r g e r  Dg) the sp re a d  o f  s iz e s  is  r e la t iv e ly
g re a te r  ( la r g e r  £T ).§
G e o m e tr ic
M ean S ieve  G e o m e tr ic
R iv e r s  P la c e  D ia m eter  Std. D eviation
Santa Ana R. 4 m i .N .  o f  C oron a , 0 .7 0  1 .73
C a lif .
M ountain C r e e k  N r. G re e n v i l le ,  S. C. 0 . 8 6  1 .80
M ojave  R iv e r  V ic t o r v i l le ,  C a lif .  1 . 10  1 .98f ; ' ~ , v-"
K izu  R iv e r  A t con flu en ce  with 1. 14 2. 12
Uji and K atsu ra  R iv e r s  
near  Yaw ata, Japan
L o ir e  R iv e r  Nr. T o u r s ,  F r a n c e  1 . 0 6  2 . 3 8
Ping R iv e r  N r. h ighway b r id g e ,  0 . 9 4  2 .4 0
Larnpun, Thailand
K iow a C re e k  Nr. E lb e rt ,  C o lo .  1 . 00  2 . 7 3
B ea ch es
Santa B a rb a ra ,  .1 6  1 . 24  
C a lif .
Oahu Is land , Hawaii; N orth tip .5 6  1 . 35
Oahu Is land , Hawaii; W aikiki B e a ch  . 3 8  1 .53
D e se r t  Dunes
K e ls o  Dunes N r. K e ls o ,  C a lif.  .2 6  1 .17
3. 5 M e a su re m e n t  o f  S ize  D istr ibution .
(a) S ieve  a n a lys is  is  good  down to 0. 074 m m  (200 m e sh ) ,  fa ir  to
0. 044 m m  (325 m e sh ) .  S ieve  s iz e s  (openings) a re  m ade  in a g e o m e tr ic  
s e r ie s  with e v e r y  s ie v e  being la r g e r  in s iz e  than the p r e ce d in g .
Taking e v e r y  other s ie v e  g iv e s  a \ f  2 s e r i e s ,  w hile  taking e v e r y  
fourth  g iv e s  a ra t io  o f  2 betw een  ad jacent s ie v e  s i z e s .  When the sand 
is  fa ir ly  un iform  (i. e. CT is  f a i r ly  sm all)  the $  2 s e r ie s  should be 
used . A lthough the b a s ic  p r in c ip le  o f  s iev ing  is  s e l f - e v id e n t ,  there  are  
a nu m ber  o f  points o f  p r o c e d u r e  w hich  should be o b s e r v e d  fo r  f i r s t  
c la s s  w ork  (the r e s e a r c h  en g in eer  needs  b e tter  data than the aggregate  
te s te r . ') .  A  r e ce n t  C . I . T .  m e m o ra n d u m  on the su b ject  is  r e p ro d u c e d  
as A ppend ix  3 -A .
(b) Settling a n a lys is  f o r  f in e r  p a r t i c le s .  F o r  m ed iu m  and fine sand, 
the v isu a l accu m u la t ion  tube re ce n t ly  d ev e lo p e d  by the In teragen cy  
C om m ittee  on S ed im entation  ( r e f .  3 .3d )  is  usefu l f o r  rapid  an a lys is ,  
although le s s  a ccu ra te  than s ie v e  a n a ly s e s .  It has the advantage of 
g iv ing fa l l  d ia m e te r ,  w hich  is  m o r e  c l o s e l y  re la te d  to b eh a v ior  in 
w ater  than s ie v e  d ia m e te r .
F o r  s ilts  and c la y s  the p r in c ip a l  a cce p ta b le  m eth od s  a re  
p ipette , bo ttom  w ithdraw al tube, and h y d r o m e te r .  See r e f .  3. 3 a, b, c 
f o r  a thorough  d e s c r ip t io n  o f  these  and o ther  m eth od s .  A  b r ie f  c o m ­
parative  evaluation  o f  these m ethods  is  g iven  in table 3. 3.
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T able  3. 3
A D VA N TA G E S AND D ISAD VAN TAGES OF VARIOUS M ETHODS OF 
SETTLIN G  ANALYSIS OF FINE SEDIM ENT
I. P ipette  m ethod  .
A dvantages  D isadvantages
1. M ost  a ccu ra te  m ethod  (re su lts  1. P ip ette  w ith draw als  are v e r y
within a few  p e r ce n t ) .  s m a ll ,  and a re  sa m p les  o f  a
2. Data y ie ld  d istr ibu tion  cu rv e  s a m p le ,  thus in cre a s in g  s a m p -
d ir e c t ly .  > l ing  e r r o r .
3. S im ple  equ ipm ent. 2. P ipette  d oes  not w ithdraw  flu id
4. With m u lt ip le -d e p th  sam plin g  f r o m  e x a ct ly  the depth o f  tip
f lo c c u la t io n  can  be studied. o f  p ipette , but f r o m  a r e g io n
5. Can g ive  a c c u ra te  r e su lts  f o r  around the t ip .
co n ce n tra t io n s  as low  as 3. V o lu m e  o f  su sp en s ion  d e c r e a s e s
1 g r / l .  (1000 ppm ) . due to s u c c e s s iv e  sm a ll  w ith ­
d ra w a ls .
4. D ry in g  and w eighing pipette 
sa m p le s  r e q u ir e s  v e r y  c a re fu l  
la b o r a to r y  technique, becau se  
w eights  m a y  be e x t r e m e ly  sm a ll  
(a few  m i l l ig r a m s ) .
II. B ottom  w ithdraw al tube m e th o d .
Advantages D isadvantages
1. L e s s  sam plin g  e r r o r ,  b e ca u se  1. C u rve  o f  raw  data m ust be
all sett led  m a te r ia l  is  d if fe ren t ia ted  to y ie ld  d i s t r i -
c o l l e c t e d  and w e igh ed  . bution cu r v e  ( in c r e a s e s  e r r o r s
2. Suitable f o r  v e r y  s m a ll  c o n -  e s p e c ia l ly  f o r  s m a l le r  s i z e s ) ,
ce n tra t io n s  (down to 100 ppm ). 2. S ed im ent s o m e t im e s  st ick s  to
3. G ood  a c c u r a c y  has been  s id e s  o f  bottom  hopper  and w ill
e s ta b l ish e d  (although not as not c o m p le t e ly  f lu sh  out.
good  as p ip e tte ) .  3. V o lu m e of su sp e n s io n  (and
height o f  co lu m n ) changes  r e ­
qu iring  c o r r e c t i o n s  in r e s u l t s .
III. H y d ro m e te r  m e th o d .
Advantages D isadvantages
1. Q u ick est  and e a s ie s t  m ethod ; 1. M ust use fa i r ly  con ce n tra te d
no s a m p le s  to d r y  and w e ig h -  su sp en s ion  (5%) in o r d e r  to
2. S im ple  equipm ent m e a s u r e  a c c u r a te ly  the i n c r e -
3. Data y ie ld  d istr ibu tion  cu rv e  m ent in den s ity  due to suspended
d ire c t ly .  p a r t i c l e s .
(table continued)
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T able  3. 3 (con t.  )
H y d ro m e te r  m ethod  (con t. )
D isadvantages
2. A c c u r a c y  on ly  fa i r ;  te s t  m o r e  
suited  to s o i l  m e c h a n ic s  than to 
sed im en t  tra n sp o r t  s tu d ies .
3. Im m e r s in g  and re m o v in g  h y d r o ­
m e te r  d istu rbs  settling  co lu m n  -
4. H y d ro m e te r  bulb extends o v e r  a 
f in ite  depth and is  a ssu m e d  to 
r e g is t e r  density  at its ce n te r  o f  
buoyancy.
5. A s  h y d r o m e te r  read in g  ch anges , 
the depth to c e n te r  o f  buoyancy 
changes  (thus a v a r ia b le  height o f  
settling  co lu m n  is  ana lyzed ).
6 . M ust d e te rm in e  s p e c i f i c  g rav ity  of 
p a r t ic le s  (as a sep a ra te  test) .
7. H indered  settling  e f fe c t  is  a p p r e ­
c ia b le  at high co n cen tra t ion s  
re q u ire d .
IV. A ll  the va r io u s  decantation  m ethods  a re  u nacceptab le  b eca u se  it is 
im p o s s ib le  to a ch iev e  an upflow  o f w ater without turbulent f lu c tu ­
a tions , and without v a r ia t ion  in v e lo c i ty  a c r o s s  the f lo w  c r o s s  
sect ion .
S u m m ary  :
1. In o r d e r  o f  a c c u r a c y  the pipette m ethod  is  c o n s id e r e d  best, 
the bottom  w ithdraw al tube next, and h y d ro m e te r  last. 
D ecantation  is  u n a ccep tab le .
2. The pipette m ethod  is  used  as a standard to ca l ib r a te  other 
m eth od s ,  but is  ted iou s .
3. The bottom  w ithdraw al tube is  fa v o ra b le  f o r  sed im en t  t r a n s ­
p o r t  s tudies ; although le s s  a c cu ra te ,  it is  a ls o  le s s  ted ious, 
and can  be used f o r  v e r y  dilute su sp e n s io n s ,  such  as 
suspended  load  s a m p le s .
4. The h y d r o m e te r  m ethod  is  unsuitable f o r  sed im en t  tra n sp ort  
stu d ies , b e ca u s e  v e r y  few  liqu id  sa m p le s  are  dense  enough 
f o r  d ir e c t  a n a ly s is .  (T h icken in g  a su sp en s ion  by rem ov in g  
w ater  m a y  r a d ic a l ly  change settling  c h a r a c t e r i s t i c s  due to 
f lo c c u la t io n .  )
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A P P E N D IX  3 - A
M e m ora n d u m  on P r o c e d u r e s  fo r  S ieve  A n a ly se s  o f  N atural Sands
The p u rp o se  o f  this m e m o ra n d u m  is  to r e c o m m e n d  p r o c e d u r e s  
f o r  the use o f  s ie v e s  to d e te rm in e  the p a r t i c l e - s i z e  d istr ibu tion  of 
natural sands. The re co m m e n d a t io n s  a re  b a sed  on a b r i e f  l i te ra tu re  
su rvey  and e x p e r ie n c e  at the Sedim entation  L a b o r a t o r y  at the 
C a lifo rn ia  Institute o f  T e ch n o lo g y .*  The p r in c ip a l  i te m s  o f  p r o c e d u r e  
w h ich  w il l  be d is c u s s e d  a re  s iev ing  tim e and sam ple  s iz e .  T o  obtain 
re p ro d u c ib le  re su lts  with a se t  o f  testing s ie v e s ,  it  is  n e c e s s a r y  to 
fo l lo w  s ta n d ard ized  p r o c e d u r e s .
I. P r in c ip le s  o f  S ieving
T h ere  a re  three  cond it ions  n e c e s s a r y  f o r  the p a s sa g e  o f  a p a r t ic le  
through a s ieve :  ( 1) that the p a r t ic le  have a c r o s s  se c t io n  sm a ll  
enough that it can  p a ss  through  the s ie v e  opening when p r o p e r ly  
o r ien ted ; (2) that it be  p r o p e r ly  or ien ted ; and (3) that the p a r t ic le  
have a c c e s s  to an opening. I f  the f i r s t  cond it ion  is  m e t ,  the p r o b a b i l ­
ity that a g iven  p a r t ic le  w ill  p a ss  a s ieve  depends on the nu m ber  o f  
ch an ces  it has to m e e t  the secon d  and th ird  con d it ion s  and th is , in turn, 
is  d e te rm in e d  by  the duration  o f  s iev ing , the n u m ber  o f  openings a v a i l ­
ab le , and on the in te r fe r e n c e  a p a r t ic le  s u ffe r s  f r o m  other p a r t i c le s .
If  the p a r t ic le  is  m u ch  s m a l le r  than the opening, it w ill  pass  
e a s i ly ,  o f  c o u r s e ,  once  it ga ins a c c e s s  to an opening. H ow ev er ,  two 
fa c to r s  can red u ce  the p ro b a b il i ty  o f  a c c e s s ,  n a m ely  ( 1) over lo a d in g ,
i .  e . , so  m u ch  m a te r ia l  on the s ie v e  that the p a r t ic le  n e v e r  gets  
shaken down n ear  an opening, and (2 ) c lo g g in g ,  w hich  m ay  o c c u r  when 
there is  a la rg e  p r o p o r t io n  o f  the sam ple  ju s t  a litt le  too  la r g e  to pass  
the s c r e e n .  The e f fe c t  o f  c lo g g in g  can  be re d u ce d  by reducing  the 
s iz e  o f  the sa m p le .
If  the p a r t ic le  is  on ly  s ligh tly  s m a l le r  than the opening, then 
or ien tation  b e c o m e s  im p ortan t,  and (with the e x ce p t io n  o f  p la te -s h a p e d
* A ppend ix  to P r o g r e s s  R e p o r t  (Nov. 24, 1957 to M ay  24, 1958)on 
C on tract  No. 1 2 -1 4 -1 0 0 -9 9 5  (41) f o r  A g r icu ltu ra l  R e s e a r c h  S e r v ic e ,
U. S. Dept, o f  A g r icu ltu re ,  by  R .H .  T a y lo r ,  J r . ,  and N. H. B r o o k s ,  
Sedim entation  L a b o r a to ry ,  C a li fo rn ia  Institute o f  T e ch n o lo g y ,  P asadena , 
C a lifo rn ia .
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p a r t ic le s )  can be c o n s id e r e d  to be ran d om . Thus the p ro b a b il i ty  o f  the 
gra in  p ass in g  through is  in c r e a s e d  by lo n g e r  e x p o s u re  - i .  e. , by 
s iev ing  fo r  a lo n g e r  t im e . H ow ev er ,  there  s e e m s  to be no en d -po in t,  
perhaps due to s m a ll  va ria tion s  in the s iz e  o f  openings  in the s ie v e .  
F u r th e r m o r e ,  i f  the m a te r ia l  w hich  has p a s s e d  a s ie v e  is  r e - r u n  on 
the sam e s ieve  fo r  the sam e am ount o f  t im e , not a ll  the g ra in s  w il l  p ass  
the s e co n d  t im e .  Thus, an en d -p o in t  m u st  be a r b i t r a r i ly  defined. One 
o f  the p r in c ip a l  po ints  o f  d is c u s s io n  in the l i te ra tu re  is  the defin ition  o f  
this en d -po in t  and the m eans  f o r  attaining it, and re co g n iz in g  when it 
has been  attained. B e ca u se  o f  the p r e s e n c e  o f  s o m e  o v e r s iz e d  openings 
in e v e r y  s ie v e ,  the a c c u r a c y  d oes  not n e c e s s a r i l y  in c r e a s e  with tim e of 
s iev in g ,  b e ca u s e  an o v e r s iz e  p a r t ic le  has m o r e  tim e to find an o v e r ­
s iz e d  ho le .
It is  the g e n e ra l  c o n se n su s  that natural sands and g r a v e ls  are  
su ff ic ien t ly  un iform  and re g u la r  in shape that s p e c ia l  p re ca u t io n s  need  
not be taken fo r  shape v a r ia t io n s .
If a sam ple  is  v e r y  la r g e ,  it is  doubtful w hether any amount o f  
s iev ing  w ill  p ro d u ce  dependable  o r  r e p ro d u c ib le  sep a ra t ion  b eca u se  of 
the la ck  o f  opportun ity  f o r  u n d e rs ize d  p a r t ic le s  to gain a c c e s s  to the 
s ie v e ,  and b e ca u s e  o f  the in c r e a s e d  am ount o f  c lo g g in g ,  as m entioned  
above .  If  the sa m p le  s iz e  is  v e r y  s m a ll ,  then a d isp ro p o r t io n a te  
d e g re e  of c a r e  m u st  be used  in o r d e r  to m aintain  a g iven  le v e l  o f  
a c c u r a c y .  Id ea lly ,  it has b een  stated , the am ount o f  m a te r ia l  r e m a in ­
ing on each  s ie v e  should  be  one la y e r  o f  p a r t i c l e s ,  but on the f in er  
s c r e e n s  this am ount m ay  not be su ff ic ien t  fo r  a c c u r a c y .  Using a 
la r g e r  am ount re p re s e n ts  a c o m p r o m is e  am ong the above c o n s id e r a ­
tions and re q u ir e s  the defin ition  o f  an en d -po in t.  S p e c i f ic  su ggest ion s  
w il l  be d is c u s s e d  be low .
II. D is c u s s io n  and R e co m m e n d a t io n s
A. V aria tion s  in S ieve  O pen ings. The s iz e  o f  openings in testing s ie v e s  
is  natura lly  su b je c t  to s om e  v a r ia t ion ,  being l a r g e r  f o r  the f in e -m e s h  
s c r e e n s .  The t o le r a n c e s  se t  by the U. S. B u reau  o f  Standards f o r  the 
U .S . Sieve S e r ie s  (F ine  S e r ie s )  a re  r e p ro d u c e d  in T able  I. E ven  
though a testing s ieve  should  be c o n s id e r e d  a p r e c i s i o n  instru m en t,
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T able  I
U. S. S ieve S e r ie s  (F ine S e r ie s )
Width o f  
opening 
(m ic r o n s ) S c re e n  no.
P e r m is  s ib le
A v e ra g e  
opening 
( + )
V a ria tion  (%)
M axim um
opening*
( + )
W ire
d iam eter
(m m )
5660 3. 5 3 10 1 . 28 -1 .9 0
4760 4 3 10 1 . 14 - 1.. 68
4000 5 3 10 1 . 0 , -1 .4 7
3360 6 3 10 0 . 87 -1 .  32
2830 7 3 10 0 . 80 - 1 . 2 0
2380 8 3 10 0 . 74 - 1 . 10
2 0 0 0 10 3 10 0 . 68 - 1 . 0 0
1680 12 3 10 0 . 62 -0 .  90
1410 14 3 10 0 . 56 - 0 . 80
1190 16 3 10 0 . 50 -0 .  70
1 0 00 18 5 15 0 . 43 -0 .6 2
840 20 5 15 0 . 38 -0 .  55
710 25 5 15 0 . 33 - 0 .4 8
590 30 5 15 0 . 29 - 0 .4 2
500 35 5 15 0 . 26 -0 .  37
420 40 5 25 0 . 23 -0 .  33
350 45 5 25 0 . 20 - 0 . 29
297 50 5 25 0 . 170 -0 .2 5 3
250 60 5 25 0 . 149 - 0 . 2 2 0
210 70 5 25 0 . 130 -0 .1 8 7
177 80 6 40 0 . 114 -0 .1 5 4
149 100 6 40 0 . 0 9 6 -0 .1 2 5
125 120 6 40 0 . 079 -0 .1 0 3
105 140 6 40 0 . 063 -0 .0 8 7
88 170 6 40 0 . 054 -0 .0 7 3
74 200 7 60 0 . 045 -0 .0 6 1
62 230 7 90 0 . 039 -0 .0 5 2
53 270 7 90 0 . 035 -0 .0 4 6
44 325 7 90 0 . 031 -0 .0 4 0
37 400 7 90 0 . 023 -0 .0 3 5
* F o r  s ie v e s  f r o m  the 1000 m ic r o n  (No. 18) to the 37 m ic r o n  (No. 400) 
s iz e ,  in c lu s iv e  , not m o r e  than 5% of the openings shall e x c e e d  the 
nom inal opening by m o r e  than o n e -h a l f  o f  the p e r m is s ib le  varia tion s  
in m ax im u m  opening.
Note: The sp e c i f ic a t io n s  above  w e re  set by the U. S. B ureau  of Standards. 
(T ab le  r e p ro d u c e d  f r o m  r e fe r e n c e  2, p. 180 .)
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s t i l l  the av era ge  opening o f  a p a r t icu la r  2 0 0 -m e s h  s ie v e ,  f o r  e xa m p le ,  
m ay  v a ry  _+ 7% f r o m  the nom inal s iz e  (0 .0 7 4  m m ),  o r  range f r o m  
0 .0 6 9  to 0 .0 7 9  m m . The m a x im u m  opening fo r  the 2 0 0 -m e s h  s ieve  
m ay  be 60% la r g e r  than the nom inal s iz e  o r  0 . 118 m m .
K eeping in m in d  these  p e r m is s ib le  v a r ia t io n s ,  it is  c le a r  that it 
is  n e c e s s a r y  to use the sam e set o f  s ie v e s  in o r d e r  to get r e p ro d u c ib le  
r e su lts .  In a la b o r a to r y  w h ere  m o r e  than one o f  ea ch  s ie v e  is  in use, 
the individual s ie v e s  should have suitable  id en t if ica t ion  m a r k s .
W here  high a c c u r a c y  is  r e q u ire d ,  s ie v e s  m a y  be sent to the
4
B u rea u  o f  Standards f o r  ca l ib ra t io n .  W e b e r  and M o ra n  state that 
d ir e c t  m e a s u r e m e n t  o f  a sam ple  o f  s ie v e  openings o r  w ire  d ia m e te rs  
is  the only s a t is fa c to r y  m eth od  o f  ca l ib ra t io n .  They  a ls o  p r e se n t  an 
e m p ir i c a l  equation fo r  c o r r e c t in g  the re su lts  o f  s ie v e  an a lys is  f o r  the 
e f fe c t  o f  the va ria tion  in the s iz e  o f  openings in a p a r t icu la r  s ie v e .
A s in d ica ted  by T able  I, the va r ia tion s  b e c o m e  la r g e r  f o r  the f in er  
s i e v e s .
B. Sam ple S ize and P re p a ra t io n .  The A m e r ic a n  S oc ie ty  f o r  Testing
M ater ia ls^  r e q u ir e s ,  f o r  m a te r ia l  95% o f  w hich  is  s m a l le r  than
2 . 0  m m  (10  m e sh ) ,  that the sam ple  be a p p ro x im a te ly  100  g r a m s .
H ow ev er ,  their  p u rp o se  is  to s p e c i fy  a standard test  f o r  a g g re g a te s ,
w here  the d e s ir e d  d e g re e  o f  a c c u r a c y  is  not as high as in r e s e a r c h  on
sed im ent tran sporta t ion .  In p a r t icu la r ,  f o r  w e l l - s o r t e d  fine sands,
100  g ra m s  cou ld  le a d  to c o n s id e r a b le  ove r lo a d in g .
3
S h ergood  has studied  the p r o b le m  o f  s ie v e  load ing  by a num ber 
o f  deta iled  tests .  When using a s e r ie s  o f  s ie v e s  with ra t io  o f  op en ­
ings o f  2 , he r e c o m m e n d e d  m a x im u m  a llow ab le  r e s id u e s ,  as shown in 
T able  II. When he had la r g e r  r e s id u e s  he found that the s ie v e s  r e ­
tained s ign if ican t  n u m b ers  o f  p a r t ic le s  w hich  should  have p a sse d  
through.
H ow ever ,  when a \J 2 s e r ie s  is being used  ( i . e . ,  tw ice  the num ber 
o f  s ie v e s ) ,  he states  that the a llow ab le  re s id u e s  should  be halved  b e ­
cau se  the p e rce n ta g e  o f  n e a r -m e s h  s iz e  p a r t ic le s  is  doubled . By
extending his line  o f  reason in g  one step fu rth er ,  one d ed u ces  that f o r  
4
a. \/2 s e r i e s ,  the a llow ab le  re s id u e s  should  be q u a rtered , as in d ica ted
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in Table  II. The in term ed ia te  s ie v e s  in the table can  be in terp o la ted , 
taking c a re  to in terp o la te  in the p r o p e r  co lum n depending on the 
c lo s e n e s s  o f  spacing  o f  s ieve  openings used.
Table  II
R e co m m e n d e d  M axim um  R es id u es  on Individual 8 -Inch  D ia m eter  S ieves
(a fte r  Shergood^)
B r it ish
Sieve
No.
S ieve
Opening
m m
Equiv.
U. S .S ie v e  
No.
M axim um  R esidue 
(g ra m s )
2 -S e r ie s \ f~ Z -  S e r ie s $  2 -S e r ie s *
7 2. 411 8 150 75 38
14 1. 204 16 100 50 25
25 0 . 599 30 70 35 18
52 0. 295 50 50 25 12
100 0. 152 100 35 18 9
200 0. 076 200 25 12 6
* E xten sion  b a sed  on S h e r g o o d 's  rea son in g .
S h e r g o o d 's  re a so n in g  apparently  o v e r lo o k s  p a r t ic le  in te r fe r e n c e ,  
f o r  he im p lie s  that the a llow ab le  re s id u e  depends only on the num ber of 
" n e a r - m e s h "  p a r t ic le s  without re g a r d  to the total num ber of p a r t ic le s .  
Thus, the va lues  obtained by ex ten s ion  (la st  co lu m n  in T able  II) appear 
m o r e  re a so n a b le  than the va lues  g iven  by him  fo r  the 2 - s e r i e s .  A 
loading o f  25 g ra m s  on a 2 0 0 -m e s h  s ie v e  is  too  m u ch  under any c i r c u m ­
stan ces  in the op in ion  of the w r i t e r s .
A s a g e n era l  ru le  S h ergood  su gg ests  that f o r  r iv e r  sands, the 
sam ple  should be l im ite d  to betw een  100 and 150 g r a m s  fo r  c o a r s e  sand, 
and betw een  40 and 60 g ra m s  fo r  fine sands. He adm its ,  h ow ever ,  that 
under s p e c ia l  c i r c u m s t a n c e s  (su ch  as fine w e l l - s o r t e d  sands) sam p les  
o f  this s iz e  m a y  be too  la r g e .
The w r it e r s  r e c o m m e n d  fo r  m ed ium  or fine  sands that the sa m p les  
be l im ited  to about 25 to 50 g ra m s  fo r  8 - in ch  s ie v e s .  F o r  f ine  w e l l -  
s o r te d  sands the s ize  o f  sam ple  should be re d u ce d  to le s s  than 10 to 20
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g r a m s .  (F o r  3 - in ch  d ia m e te r  s ie v e s  these  va lues  should, of c o u r s e ,  be 
red u ced  by the fa c to r  9 / 6 4 . )  T h ese  sm a ll  w eights  are  n e c e s s a r y  to
c o n fo rm  to Table  II b e ca u s e ,  f o r  v e r y  w e l l - s o r t e d  sands, the la r g e s t
4 —
re s id u e  in a 2 s e r ie s  m ay  be as m u ch  as 1 /3  to 1 /2  o f  the total sam ple  
weight. F u r th e r m o r e ,  f o r  s ie v e s  f in e r  than the 2 0 0 -m e s h  the a llow able  
re s id u e s  m ay  be e x p e c te d  to d e c r e a s e  still  fu rth er .
T h ere  is  no d isadvantage to using sa m p le s  m u ch  s m a l le r  than the 
l im its  su ggested  above , excep t  fo r  the in c r e a s e d  c a r e  r e q u ir e d  in c o l l e c t ­
ing m a te r ia l  f r o m  the s ie v e s ,  w eigh ing it, and keeping the s ie v e s  c le a n  
so  that p a r t ic le s  w hich  b e c o m e  stuck  in the s ie v e s  during one ana lys is  
are  not ja r r e d  lo o s e  la te r .  In the S ed im entation  L a b o r a to ry  a fu ll  s ieve  
ana lys is  on a sam ple  o f  only one gram  o f  fine  sand was r e c e n t ly  p e r ­
fo r m e d  on an 8 - in ch  set o f  s ie v e s  without any unusual d iff icu lty .
ASTM  a lso  w is e ly  r e c o m m e n d s  that "the s e le c t io n  o f  sa m p les  o f  
an exa ct  p r e d e te r m in e d  w eight shall not be a ttem pted". Rather, one 
should obtain the ap p rox im ate  w eight d e s ir e d  by s u c c e s s iv e  sam ple  
splitting only . This  p r o c e d u r e  s til l  a l low s  c o n s id e r a b le  leew ay ; f o r  
e xa m p le ,  a sam ple  o f  about 40 g ra m s  can  be re d u ce d  to 30 g ra m s  by 
splitting tw ice  and keeping  a ll e x ce p t  the 1 /4  p ortion  (10 g r a m s )  n o rm a lly  
c o n s id e r e d  the " y ie ld "  of the splitting p r o c e d u r e .
C. D uration  o f  S ie v in g . ASTM  r e q u ir e s  that s iev in g  be continued  until
le s s  than one p e r ce n t  o f  the re s id u e  on any s ie v e  p a s s e s  in one m inute.
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W eber  and M oran  state that enough t im e m u st  be a llow ed  f o r  the f r a c ­
tions re ta in ed  on the s e v e r a l  s ie v e s  to a p p roa ch  con s ta n cy ,  but that a 
p r o tr a c te d  tim e a llow s  additional opportun ity  f o r  the c l o s e l y  s ized  
p a r t ic le s  to seek  out openings  s ligh tly  la r g e r  than a v e ra g e  in each  s ie v e .  
They suggest  that the p e r io d  a fter  w hich  the g r e a te s t  s ie v e  fra c t io n  
beg ins  to lo s e  a constant amount f o r  each  s u cce e d in g  m inute is  the 
optim um  p e r io d  on w hich  to s ta n d ard ize ,  and that this should b e  a p p r o x i ­
m a te ly  3 to 5 m inutes . S h ergood  co n c lu d e s  that 9 m inutes  is  adequate.
A s iev in g  tim e o f  10 m inutes is  r e c o m m e n d e d  as being adequate, 
but not e x c e s s iv e ,  when a m e ch a n ica l  shaking and tapping m ach ine  is 
used , such  as the W. S. T a y lo r  C o m p a n y 's  R o -T a p  T esting  Sieve Shaker. 
This has been  the standard p r a c t ic e  in the S ed im entation  L a b o ra to ry .
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S h ergood  a ls o  quite c o r r e c t l y  points out that in a c c u r a c ie s  are  c o n ­
t ro l le d  m uch  m o r e  e f fe c t iv e ly  by red u c in g  sam ple  s iz e  than by in c r e a s in g  
s iev in g  duration.
III. S u m m ary  o f  R e com m en d a t ion s
The p r in c ip a l  re co m m e n d a t io n s  fo r  m aking s ie v e  ana lyses  o f  
natural sands a re  as fo l lo w s :
1. F o r  m edium  o r  fine  sands ( le s s  than 0 .5  m m ) use a sam ple  s ize  
le s s  than 25 to 50 gra in s  f o r  8 - in ch  d ia m e te r  s ie v e s ,  and 3 to 7 
g ra m s  f o r  3 - in c h  d ia m e te r  s ie v e s ;  f o r  f ine  w e l l - s o r t e d  sands, the 
sam ple  s ize  should be red u ced  to about 10 to 20  g ra m s  (o r  1 .5  to 
3 gra in s  f o r  3 - in c h  s ie v e s ) .
2. S m a lle r  sa m p les  a re  p e r m is s ib le  but re q u ire  g r e a te r  c a r e  in 
c o l le c t in g  and w eigh ing  s ie v e  f r a c t io n s .
3. L a r g e r  sa m p le s  are  not r e c o m m e n d e d  b e ca u se  o f  the p o s s ib i l i t ie s  
o f  o v e r lo a d in g  o f  ind ividual s ie v e s  (e s p e c ia l ly  fo r  w e l l - s o r t e d  
sands), and e x c e s s iv e  c logg in g .
4. S am p les  should not be m ade ex a ct ly  equal to s o m e  p re d e te rm in e d  
w eight, but should  be obtained  by s u c c e s s iv e  su b d iv is ion  o f  a 
la r g e r  sam ple  by m ean s  of a sam ple  sp lit ter .
5. Ten  m inute s iev ing  tim e in  a m e ch a n ica l  shaking m ach ine  is 
r e co m m e n d e d .
6 . F o r  v e r y  a ccu ra te  w ork , s ie v e s  should be sent to the B u reau  of 
Standards f o r  ca l ib ra t io n .
7. F o r  r e p ro d u c ib le  r e su lts ,  the sa m e  individual s ie v e s  should be 
used . Individual s ie v e s  should  be m a rk e d  to  d ist ingu ish  them  f r o m  
other s ie v e s  o f  sam e nom inal opening.
R e f e r e n c e s :
1. ASTM  Standards 1955, P a rt  3, ASTM  D esign ation  C 136 -46 , "S ieve
A n a lys is  o f  F ine and C o a r s e  A g g r e g a t e s " ,  A m e r ic a n  S oc ie ty  fo r  
T est in g  M a te r ia ls ,  Ph ilade lph ia .
2. C adle , R. D. , " P a r t i c l e  S ize  D e te rm in a t io n " ,  In te r s c ie n ce  P u b l is h e rs ,
I n c . ,  New Y ork , 1955 (Ch. VI).
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3. S h ergood , F .  A. , "T h e  E f fe c t  o f  S ieve Loading on the R esu lts  of
S ieve  A n a lys is  o f  N atural S and s" ,  J. o f  the S o c ie ty  of 
C h em ica l  Industry (London), 65, 245, (1946).
4. W eber ,  M. J r .  , and R. F .  M oran , Industria l E n g in eer in g
C h e m is try ,  A n a lytica l E d ition , 10, 180 (1938).
P r o b le m s :  -
3 .1  A s ie v e  ana lys is  of the sand cu r re n t ly  in the la r g e  f lu m e  in  the 
Sed im entation  L a b o r a to ry  gave the fo l lo w in g  data:
T y le r  S ieve
M esh  Opening G ra m s  P e r c e n t
(p e r  in. ) (m m . ) R eta ined R etained
32 0 .4 9 5 0. 85 2. 47
35 0. 417 1.5 6 4. 53
42 0. 351 3. 88 11. 27
48 0. 295 3. 82 11. 10
60 0 . 246 5. 35 15. 54
65 0 . 208 5 .6 9 16. 53
80 0. 175 4. 31 12. 52
100 0. 147 5. 06 14. 70
115 0. 124 2. 37 6 . 89
150 0. 104 1. 16 3. 37
170 0 . 088 0 . 21 0 . 61
200 0. 074 0 . 12 0. 35
Pan 0. 04 0 . 12
100. 00 %
a) P lo t  the above  an a lys is  on lo g a r ith m ic  p ro b a b il i ty  p ap er .
b) F it  a log  n o rm a l  d is tr ib u tion  (i. e. a s tra ight line) by eye and 
d e term in e  the g e o m e tr ic  m ea n  Dm g and g e o m e tr ic  standard
d ev ia tion  C T • 
g
c) Can the d is tr ibu tion  be r e p re s e n te d  as an o rd in a ry  n orm a l 
d istr ibu tion  (s tra igh t  line on a r ith m etic  p ro b a b il i ty  p a p e r )?
F ig .  4. 1 F o r c e s  acting on a sed im en t  p a r t ic le  w hich  is 
in the top la y e r  o f  g ra in s  o f  a f la t  bed.
C H A P T E R  4 -  INITIATION O F SEDIM EN T M OTION
4. 1 In troduction . In co n n ect ion  with ce r ta in  p r o b le m s  w hich  a r is e  
in the sed im entation  f ie ld  the en g in eer  is  often in te r e s te d  in knowing 
what f lo w  cond it ions  cau se  in c ip ien t  m ot ion  o f  the p a r t i c le s  o f  bed 
m a te r ia l .  F o r  exam ple  i f  one is  design ing  an earth  canal to tran sp ort  
c le a r  w ater, the f lo w  cond it ions  m ust be such  that no m ot ion  o f  the 
bed  m a te r ia l  o c c u r s  or  the channel w il l  s c o u r .  A ls o ,  s o m e  fo rm u la s  
fo r  the transport o f  bed  load  r e q u ire  ce r ta in  p a r a m e te r s  (usually  bed 
shear  s tr e s s  or  ve lo c ity )  o f  the f lo w  at w hich m otion  is  incip ien t .
This chapter  w ill  p re se n t  the th eory  and ava ilab le  techniques fo r  
predicting in c ip ien t  m otion , d is c u s s  the e f fe c ts  o f  the bed  f o r m ,  and 
p re se n t  an exam p le  o f  an a lys is  o f  earth cana ls  to d e term in e  i f  the 
bed  m a te r ia l  w ill  be m ov e d .
4. 2 T h e o ry ;  White*s A n a ly s i s . P r o b a b ly  the two m o s t  s ign if icant
and w ide ly  known an a lyses  o f  in it iation  o f  m ot ion  a re  those o f  C. M . White
and A . Sh ie lds . T h ese  an a lyses  w ill  be d is c u s s e d  sep a ra te ly .
White (4. 1) sought to d e te rm in e  the fa c to r s  w hich  g o v e rn  the 
in itiation  o f  m o t io n  by equating the m om en ts  w hich  tend to m o v e  the 
gra in s  to those w hich  r e s i s t  m o v e m e n t .  F ig .  4. 1 show s the f o r c e s  
acting on a typ ica l g ra in  w hich  is  in the top la y e r  o f  g ra in s  on a flat 
bed. The f o r c e s  p a r a l le l  to the bed  w hich  tend to rotate  the p a r t ic le  
fo rw a r d  are  the re su lt  o f  the bed  shear  s t r e s s  w hich  was d is c u s s e d  
in se ct io n  1 . 9 .  If ea ch  su r fa ce  g ra in  r e s is t s  the app lied  bed  shear  o f  
an e lem en t o f  bed  a re a  w h ich  is  p ro p o r t io n a l  to the square o f  the
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d ia m e te r  o f  the p a r t ic le  then the f o r c e  p a ra l le l  to the bed, F^, w ill  be
F b = t C , d2 (4. 1)h o l s  ' '
w here
T = bed sh ear  s tr e s s  o
d = p a r t ic le  d iam eter
S 2 C j = constant w hich  re la te s  d to a re a  o v e r  w hich  p a r t ic le
r e s i s t s  the app lied  bed  sh ear  s t r e s s .
If the d istan ce  above  the point o f  rotation  to the point o f  a c t ion  o f  F b is 
p ro p o r t io n a l  to the d ia m e te r ,  then the overturn ing  m o m e n t  M q w ill  be
M = T C, C 7 d3 (4. 2)o o 1 2 s 1 '
w here  C^ is  the constant ra t io  o f  the p a r t ic le  d ia m e te r  to the m om en t 
a rm  o f  F b .
The r e s is t in g  m o m e n t  is  due to the s u b m e rg e d  w eight o f  the
p a r t ic le .  If this w eight is  p ro p o r t io n a l  to the cube o f  the d iam eter ,
3
^ 3 ^ s  ~ y f)b  , and i f  its m o m e n t  a rm  is  p ro p o r t io n a l  to the d ia m e te r ,  
C^d, then the re s is t in g  m o m e n t  is
M r = C 4 C 3 (Ys -  Yf) 4  (4 .3 )
w here  y ^  and y^. a re  r e s p e c t iv e ly  the unit w eights  o f  the p a r t ic le
m a te r ia l  and the flu id . The p a r t ic le  w ill  s tart to m o v e  when t q is  such
that M = M . This c r i t i c a l  value o f  T is  ca l le d  the c r i t i c a l  shear  r o o
s t r e s s  and denoted by T . Thus, equating eq. 4. 2 and 4. 3 and 
com bin ing  the v a r io u s  constants  into a s ingle  constant C, the re su lt  is
Tc = C (Vs - Y f ) d s (4 .4 )
w here  T is  in lb  p e r  sq ft, d is  in m m  and C is  a d im e n s io n le ss  c s
constant. Thus the c r i t i c a l  shear  s t r e s s  is  p ro p o r t io n a l  to the p a r t ic le  
d ia m e te r .  The fa c to r  C depends on the density  and shape o f  the 
p a r t i c le s ,  the p r o p e r t ie s  o f  the flu id , and the a rra n g em en t  o f  the
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s u r fa c e  p a r t i c le s .  V a lues  o f  C (y g -  y^) fo r  quartz  sand in w ater  r e p o r t ­
ed by  va r iou s  authors range  f r o m  0. 013 to 0. 040 i f  %  is in lbs  p er  
square  foo t  and y a n d  y  a re  in  lbs  p e r  cu  ft. It w i l l  be se e n  f r o m  
S h ie ld s ' an a lys is  in the next s e c t io n  that eq. 4. 4 is va lid  only fo r  a 
c e r ta in  range  o f  f low  con d it ion s .
4. 3 T h e o ry ;  Shields 1 A n a ly s i s . Shields ( r e f .  4. Z)  b e l ie v e d  that it was 
not p o s s ib le  to e x p r e s s  a n a ly t ica lly  the f o r c e s  acting on a typ ica l s e d i ­
m ent p a r t ic le .  He av o ided  any attem pt at rationa lity  by m aking ce r ta in  
g r o s s  a ssu m p tion s  and then c o n f ir m e d  and su p p lem ented  the ana lys is  
e x p e r im e n ta lly .  In the in te re s t  o f  b re v ity ,  S h ie ld s ' re la t ion  w ill be 
d e r iv e d  here  by m eans  o f  d im en s ion a l an a lys is*  ra th er  than f r o m  the 
m o r e  in vo lved  p h y s ica l  reason ing  w hich  he used.
In the c a s e  o f  m otion  o f  bed p a r t ic le s  the im p ortan t  quantities a re
shear stress, T , the difference in density between the sediment and o
the flu id  (p -  p^), the d ia m e te r  o f  the p a r t i c le s ,  d g , the k in em atic  
v is c o s i t y ,  -£/ , and g ra v ity ,  g . T h e se  f ive  quantities can be grou p ed  
into two d im e n s io n le ss  quantities ,
T
ds \ pf d u
--------- — i -  = - 1 —  (4. 5)
. V  Vand
T T
-T -T ------2------7-----  = -~7------7--------pp ( 4 . 6 )d s ( ps - p f )  g d s y (Ss -1 )
w here  y  is  the unit weight o f  w ater  and s g is  the s p e c i f i c  g rav ity  
o f  the bed p a r t i c le s .  The la s t  quantity p erta in s  on ly  to p a r t ic le s  in 
w ater . This  is  as fa r  as d im en sion a l a n a lys is  takes us and e x p e r i ­
m ents  m ust be m ade  to d e term in e  the re la t io n  betw een  these  two
* D im en sion a l an a lys is  is  a technique w hich seeks  s ign if ican t  re la t ion s  
am ong the v a r ia b le  in v o lved  in a p r o b le m  by studying the units o f  the 
v a r ia b le s  and com bin ing  the v a r ia b le s  in d i f fe re n t  d im e n s io n le ss  f o r m s .  
The three b a s ic  units a re  f o r c e ,  length and t im e . F o r  e xa m p le ,  i f  we 
knew that f o r c e  F ,  m a s s  M , and a c c e le r a t io n  A w e re  re la ted ,  but 
not how, d im en s ion a l a n a lys is  w ould  le a d  us to exam in e  the quantity 
F /M A ,  s in ce  this quantity has no units (d im e n s io n s ) .  F r o m  e x p e r im e n ­
tal ev id en ce  we con c lu d e  that F /M A  = 1.
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quantities . Shields m ade e x p e r im e n ts  to evaluate this re la t ion  and the 
re su lts  a re  shown in f ig .  4. 2. At points on the line  the shear  s t r e s s
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F ig .  4 .2  R esu lts  o f  e xp er im en ts  by  Shields to determ in e  
the cond itions  fo r  in c ip ien t  m otion .
is  at the c r i t i c a l  va lue , i.  e. , t = t • At points above  the l in e ,  theo c
p a r t ic le s  w il l  be m o v e d ,  while at points  b e low  the line the f low  w ill
not m o v e  the p a r t i c l e s .  F ig .  4 .2  is  v a lid  only f o r  flat bed s .  S h ie ld s ’
w ork  is  w ide ly  a c c e p te d  and apparently  quite r e l ia b le .
F ig .  4 .2  show s that re la t io n s  o f  the type g iven  in eq. 4 . 4  are  
d Sva lid  only w h e n ----------  is  g r e a te r  than about 60, s in ce  only beyond
u . b  y
this point is  the c r i t i c a l  sh ear  s t r e s s  p ro p o r t io n a l  to the p a r t ic le  
d ia m eter .
■=— ------5-r- = constant = 0 . 0 6 -  (4 .7 )dsY<ss-H
Taking y = 6 2 . 4  lb  p e r  cut ft and s g = 2. 65, the value o f  C (y s -y.<-) in
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eq. 4. 4 is  C(y -y , )  = 0. 020 if  T is  in lb p er  sq  ft, d is  in m m  and S X c s
y and y g a re  in lbs p er  cu  ft.
4 . 4  P r o b a b le  E f fe c t  o f  B ed  F o r m  on R e su lts .  The p r e ce d in g  ana lyses  
p erta in  only to f lat  beds  f o r  w h ich  the s lope  is  so  s m a ll  that the 
com pon en t  o f  the w eight o f  the p a r t ic le  p a r a l le l  to the bed is  n eg l ig ib le .  
In p r a c t ic a l  ap p lica tions  this situation  is en cou n tered  in frequ en tly .  If 
the f lo w  has e v e r  been  g rea t  enough to m o v e  the bed  p a r t i c le s ,  dunes 
w i l l  have f o r m e d  on the bed  and w ill  have re m a in e d  when the f lo w  was 
r e d u c e d .  Thus when the f lo w  is  again in c r e a s e d  to the point w here  
m ot ion  is  in c ip ien t  the an a lyses  f o r  flat beds w il l  not be a p p lica b le .
T o  date no e x p e r im e n ts  or  a n a lyses  have been  con d u cted  to 
d e te rm in e  the con d it ion s  f o r  in c ip ien t  m otion  on a bed  w h ich  is  not 
f la t .  Such an an a lys is  is  m u ch  m o r e  c o m p le x  than that f o r  a f lat  bed 
f o r  two r e a s o n s .  F i r s t ,  the bed  shear  is  not u n ifo rm ly  d istr ibu ted .
F o r  exa m p le ,  in the c a s e  o f  dunes, the sh ear  s t r e s s  is  g r e a te r  on the 
u p stream  fa c e  o f  the dune w h ere  the f lo w  is a c c e le r a t in g  and the 
ve loc ity  at the le v e l  o f  the sand gra in s  is  r e la t iv e ly  la r g e .  On the 
d ow n stream  side  o f  the dune w h ich  is sh e lte re d ,  the sh ear  s tr e s s  w ill  
be l e s s  than the com p u ted  a v e ra g e  va lue. The secon d  m a jo r  c o m p l i c a ­
tion  is  that the com p on en t  of the w eight o f  the p a r t ic le  p a r a l le l  to the 
bed  can  no lo n g e r  be n e g le c te d  s in ce  the l o c a l  s lope  o f  the bed  can be 
quite la rg e  due to p r e s e n c e  o f  the bed  fe a tu re s .  On the u p stream  fa c e  
this fa c to r  tends to res is t  m ot ion  w hile  on the d ow n stream  fa c e  the 
p a r t ic le  w eight aids m otion .
S ince the two fa c t o r s  d e s c r ib e d  above  have o p p os ite  e f fe c ts  on 
the m otivating  f o r c e s  on the p a r t i c le s ,  it is  not c e r ta in  w hether 
in cip ien t  m o t io n  on a bed  w h ich  is  not flat w il l  o c c u r  at la r g e r  or 
s m a l le r  va lues  of shear  s t r e s s  than on a flat  bed. T h e re  is  som e 
e v id en ce  h ow ever  w h ich  in d ica tes  that h igher va lues  o f  bed  shear  s t r e s s  
a re  r e q u ir e d  in the c a s e  o f  the d u n e -c o v e r e d  bed.
4 .5  E x am p le  P r o b l e m . To i l lu s tra te  the use o f  S h ie ld s ' d iagram
(fig .  4. 2) and the type o f  p r o b le m  in w h ich  the c o n c e p t  o f  c r i t i c a l  shear  
s t r e s s  a r i s e s ,  an exam ple  p ro b le m  w il l  be w ork ed  out in this s e ct ion .
G iven : A channel has been  d es ig n ed  to co n v e y  c le a r
w ater  to a f ish  h a tch ery .  The d es ig n  c a l ls  f o r  a f low
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depth o f  2. 0 ft and a v e lo c i ty  o f  2. 0 ft p e r  s e c .  The
channel is  v e r y  wide so  the s ide e f fe c ts  can be n e g le c te d
and the h ydrau lic  rad ius taken as equal to the depth. It
is  to be  co n s tru c te d  in  sand w hich has a m ed ian  d ia m eter
ds = 0 .9 1 5  m m  (0. 003 ft). F o r  a flat  bed  in this m a te r ia l
the D a rcy  f r ic t io n  fa c to r  ( se e  se c t io n  1 .7 ,  eq . 1 .14) is
es t im a ted  to be f  = 0 .0 1 8 5  and the r e q u ir e d  channel
s lope  is  S = 0 .0 0 0 1 4 5 .  The w ater tem p era tu re  is  2 0 °C
- 5 2and the k in em atic  v i s c o s i t y  is   = 1 . 08> x  10-5 ft2 p e r  s e c .
The s p e c i f i c  g ra v ity  o f  the sand is  2 .6 5 .  C le a r  w ater is 
adm itted  to the channel and it is  im p e ra t iv e  that no m a te r ia l  
be s c o u r e d  f r o m  the bed  s in ce  any sand in the h atchery  
w ill  re su lt  in instantaneous death o f  all the f ish .
R equ ired : D eterm in e  i f  the ex isting  d es ig n  is  adequate 
to d e l iv e r  c le a r  w ater to the h a tch ery .  Use S h ie ld s ' 
d ia g ra m  (fig . 4 .2 ) .
A n a lys is :  The f i r s t  step  is  to evaluate the Shields p a r a ­
m e te r s  g iven  in eq . 4. 5 and 4. 6. T h ese  r e q u ire  the 
shear  v e lo c i ty  u*  and the bed  sh ear  s t r e s s  τ O .. The 
shear  v e lo c i ty  is  g iven  in se c t io n  1. 10 as
_v_ nr
u* "  V f  *
T h e r e fo r e
u* = 2 . 0  j ^ - ~ 5  _ o. 0962 f t / s e c .
The p a r a m e te r  on the h or izon ta l  s ca le  is  then
d s U*  _ (0 ,0 0 3 )  (0 .0 9 6 2 )  g
y  1 .0 8  x i 0 _5
The shear  s t r e s s  x q  is  g iven  in eq. 1 .21 as
Tq = Yd S . (1 .2 1 )
F o r  this p r o b le m
T = (62. 4 ) ( 2 . 0 ) ( 0 . 000145) = 0 .0181  l b / f t 2
and the p a r a m e te r  on the v e r t ic a l  s ca le  is
T° ____________ 0-0181__________ n 0 c 87
y ( s 1) d (62. 4)(2 . 65 - 1)(0. 003) ” s s
Using these va lues  in  f ig .  4 .2 ,  the resu ltant point fa l ls  above 
the line  so  s co u r  w il l  o c c u r  in the channel.
C on clu sion : If  the f ish  a re  to be saved , the channel m ust 
be red es ig n ed .
R e fe r e n c e s :
4. 1 White, C .M .  , "E q u i l ib r iu m  o f  G ra in s  on B ed  o f  a S tr e a m " ,
P r o c .  o f  R o y a l  S o c . o f  Lon don , v o l . 174 A , 1940, pp. 322 -334 .
4. 2 S h ie lds , A . , "A p p lica t io n  o f  S im ila r ity  P r in c ip le s  and Tu rbu lence  
R e s e a r c h  to B e d -L o a d  M o v e m e n t" ,  T r .  by W. P . Ott and 
J. C. van U chelen , Soil C on se rv a tio n  S e r v ic e  C oop era t iv e  
L a b o r a to ry ,  C a li fo rn ia  Institute o f  T e ch n o lo g y ,  P asadena , 
C a lifo rn ia .
P r o b le m :  -
4. 1 Using the data obtained in the la b o r a to r y  e x p e r im e n t  on in itiation  
of m otion , com pu te  S h ie ld s ' p a r a m e te r s  (e q s .  4 .5  and 4 .6 ) .  P lo t  the 
p a r a m e te r s  on S h ie ld s ' d iagram  (fig . 4 .2 )  to d e term in e  how a ccu ra te ly  
the fitted  cu rv e  p r e d ic ts  the con d it ion s  fo r  in it iation  o f  m ot ion  in this 
c a s e .  Use γ = 6 2 .4  lb / f t 3 , Ss = 2 .6 8 ,
and d s = 0 .2 3  m m  = 0 .0 0 0 7 5  ft. V a lues  of ν  are  g iven  in re f .  1. 1,  
page 15. The flum e is  2. 79 ft w ide.
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C H A P T E R  5 -  TH E O R Y  OF SEDIM ENT TR A N S P O R T A T IO N
5. 1. In trod u ct ion . The sed im ent tra n sp or ted  by a s tream  can  be d iv ided  
into (a) bed  load  and (b) suspended  load . The bed load  m o v e s  on or  
near the bed and the suspended  load  is  c a r r i e d  in the f lu id  away f r o m  the 
bed. T h e re  is  no sharp  d iv is io n  betw een  these two com p on en ts  of the 
load. The two t e r m s  are  used  f o r  c o n v e n ie n ce  in d is c u s s in g  t r a n s p o r ta ­
tion but actua lly  have no other  u se . The sum of the bed  load  and 
suspended  load  is  c a l le d  the total load .
The load  o f  a s tre a m  can  a lso  be d iv ided  into two parts  a c co rd in g  
to g ra in  s iz e .  The fine f r a c t io n  is  c a l le d  the w ash  load  and c o n s is t s  o f  
f ine gra ins  found only in v e r y  sm a ll  quantities in the bed. The other 
part o f  the load  is  c a l le d  the bed m a te r ia l  load  and is  m ade up o f  gra in  
s iz e s  found in a p p re c ia b le  quantities in the bed.
The ra te  o f  t ra n sp orta t ion  o f  sed im en t  by a s tream  is  ca l le d  s e d i ­
m ent d is ch a rg e  and the d is c h a rg e  is  c o n s id e r e d  in parts  like the load .
F o r  e xa m p le ,  one can r e fe r  to bed load  d is c h a rg e ,  suspended  load  
d is c h a rg e ,  bed  m a te r ia l  d is c h a r g e ,  e tc .  The sed im en t  d is ch a rg e  o f  a 
s tre a m  is  usually  g iven  in lbs  p er  se c  o r  tons p er  day.
The e a r ly  studies  o f  tra n sp or ta t ion  dealt  with sands w here  the 
sed im ent d is c h a rg e s  w e re  low  and m o s t  o f  the load  was bed load . The 
m ain  o b je c t iv e  o f  these  studies  w as to d eve lop  re la t io n s  f o r  total s e d i ­
m ent d is c h a r g e .  M any such  re la t ion s  appear in the l i te ra tu re .  Th ese  
a re  m o s t ly  e m p ir i c a l  in nature b e ca u se  little  p r o g r e s s  has been m ade in 
analyzing bed m ov e m e n t .
S ince about 1935 m u ch  p r o g r e s s  has been  m ade in  the m e ch a n ics  o f  
su sp en s ion  and this phase o f  the p r o b le m  is  r e la t iv e ly  w e ll  understood . 
H ow ev er ,  b e fo r e  a c o m p le te  t ra n sp o r t  th e o ry  can  be d eve lop ed , fu rth er  
p r o g r e s s  m ust be m ade with the p ro b le m  o f  m o v e m e n t  near  the bed.
5. 2 . M ech a n ism  o f  S ed im ent S u sp e n s io n . S edim ent is  l i fted  o ff  of the 
bed o f  a s tream  and c a r r ie d  up into the body  o f  the f lo w  by the v e r t ic a l  
com pon en ts  o f  the turbu lence  v e lo c i t i e s .  In f ig .  5 .1  v 'y is  the in s ta n ­
taneous value o f  the v e r t i c a l  tu rbu len ce  v e lo c i ty  and v is  the m ean  
v e lo c i ty  at a point a d istan ce  y above  the bed. The v e lo c i ty  v 'y
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F ig .  5. 1. Upward tra n sp o r t  o f  sed im en t  by turbu lence  f luctuations.
m e a s u r e d  at the sm a ll  re c ta n g le  with s id es  dx and dz is  s o m e t im e s  
up and s o m e t im e s  down and a ls o  v a r ie s  in m agnitude. S ince there  is no 
net f lo w  in the v e r t ic a l  d ir e c t io n  the m ean  value o f  v 'y is  z e r o  o r  in
other w o rd s  in a g iven  in terva l  o f  t im e the upw ard and downward f low  
w ill  be equal in v o lu m e . It is  known f r o m  e x p e r ie n c e  that the c o n c e n ­
tration  of sed im ent in a s tre a m  d e c r e a s e s  with d istan ce  up f r o m  the bed. 
T h e r e fo r e  the upward f lo w  through the a re a  d x d z  w il l  tend to be r i c h e r  
in sed im en t  than the dow nw ard  f lo w  and there  w ill  be a net upward 
t r a n s fe r  o f  sed im en t  d esp ite  the fa c t  that there  is  no net f lo w  of w ater .  
The rate  o f  upw ard t r a n s fe r  o f  sed im en t  by the d iffu s ion  p r o c e s s  just  
d e s c r ib e d  is  g iven  in text b ook s  ( r e f .  1 . 2 ,  p. 95) in t e r m s  o f  a d iffus ion  
c o e f f i c ie n t .  The d if fe ren t ia l  equation f o r  the steady state d istr ibu tion  
of the co n ce n tra t io n  o f  suspended  sed im ent is  obtained by equating the 
rate  o f  upw ard f lo w  of  sed im ent due to turbu lence  d iffu s ion  to the d o w n ­
w ard  f lo w  rate due to settling  under the f o r c e  o f  g rav ity  ( s e e  r e f .  1. 2, 
p. 97).
5 . 3 .  D istr ibu tion  o f  Suspended L o a d . Eq. 5. 1 g iv e s  the re la t ive  d i s t r i ­
bution o f  sed im ent co n ce n tra t io n  in a two d im en s ion a l steady uniform  
flow . = r i c i  _ 2 _  1 * .  ( 5 . 1 )
c l y d - a I a
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z = - 7 = 7=  = i t t - (5-2)k Jv p  *
In these equations c is the con cen tra t ion  at d istan ce  y up f r o m  the
bed, c & is  the co n ce n tra t io n  at s o m e  r e fe r e n c e  le v e l  y = a, w is  the
settling  v e lo c i ty  o f  the sed im ent gra in s  in the s trea m , k is  the
von K arm an  constant with a value of 0 .4  fo r  c le a r  f lo w s ,  t is the bedo
shear s t r e s s  in lbs  p er  sq  ft as g iven  by eq. 1 .21  and p is  the density  
o f  the w ater  in s lugs p er  cu  ft ( 1 . 9 4  s lugs p er  c u f t ) .  The con cen tra t ion s  
c and c can  be m e a s u r e d  in any units, f o r  instance , g ra m s  per  l i te r  
o r  parts  p er  m il l io n .  The eqs .  5. 1 and 5. 2 apply to that f r a c t io n  of the 
sed im ent with settling  v e lo c i t y  w. The settling  v e lo c i ty  should be 
d e term in ed  under co n ce n tra t io n s  and other con d it ions  that ex is t  in the 
s tream  but it is  o ften  taken as the v e lo c i t y  o f  a gra in  in a c le a r  un ­
bounded flu id .
F ig .  5. 2 is  a graph  o f  the re la t iv e  co n ce n tra t io n  o f  suspended 
sed im ent a c c o r d in g  to eq. 5. 1 f o r  s e v e r a l  va lues  o f  z and with the 
r e fe r e n c e  le v e l  a = . 05d. The ra t io  ( y - a ) / ( d - a )  is  the f r a c t io n  o f  the 
d istan ce  f r o m  the r e fe r e n c e  le v e l  to the w ater  s u r fa ce .  It w il l  be seen  
that the co n ce n tra t io n  tends to b e c o m e  un iform  fo r  low  va lues  o f  z and 
that fo r  high z va lues  the suspended  load  is  con cen tra ted  near the bed. 
Since z is  p ro p o r t io n a l  to the settling  v e lo c i ty  w in a g iven  flow , i. e. , 
a g iven  k and u^, the c o a r s e s t  m a te r ia l  w il l  have the h ighest z va lue. 
A ls o  the c o a r s e  m a te r ia l  w il l  be co n ce n tra te d  near the bed and the fine 
m a te r ia ls  w il l  tend to be m o r e  n e a r ly  u n ifo rm ly  d istr ibu ted  in  the f low .
A  g iven  sed im ent with a g iven  settling  v e lo c i ty  w ill  y ie ld  a low  value of 
z in a s tream  with high bed shear s t r e s s  Tq and a high value o f  z f o r  
low  t q . S ince t q = y d s ,  la rg e  shear  s tr e s s  and low  z a re  a s s o c ia te d  
with deep and steep  s tre a m s  w hich  w ill  a lso  have high v e lo c i t ie s  and 
tra n sp o r t  c a p a c i t ie s .  Thus it can  be seen  that the te rm  u^ in the 
denom inator  o f  the fo rm u la  f o r  z is  a m e a s u r e  o f  the tran sport in g  
ca p a c ity  of a s tre a m . The settling  v e lo c i ty  w is  a m e a s u r e  of the 
e f fo r t  n e c e s s a r y  to t ra n sp o r t  or  suspend a gra in . S ince z is  p r o p o r ­
tional to the ra t io  o f  w to u^ it can  be c o n s id e r e d  as a m e a su re  o f  the
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F ig .  5. 2. D is tr ib u t ion  o f  suspended  load  in a f lo w  
a cco rd in g  to eq. 5. 1.
e f fo r t  w hich  a s t r e a m  exer ts  to t ran spor t  the sed im ent ,  i. e.  , a sm a l l  
value of  z m eans  that the s t r e a m  needs  to e x e r t  only a s m a l l  part  of  
the avai lable  e f fo r t  to t ra n sp o r t  the sed im ent .
5 . 4 .  Val idity  of  D is tr ibut ion  E quat ion . Eq. 5. 1 w i l l  plot a straight 
l ine on a l o g a r i th m ic  graph of  c o n ce n tra t io n  c against  d - y / y .  The 
s lope  of  this l ine wil l  be z lo g a r i th m ic  c y c l e s  on the c ax is  per  c y c l e  
on the axis  o f  d - y / y .  The value o f  z can  be d e te rm in e d  by plotting 
m e a s u r e d  c o n ce n tra t io n  o f  a g iven s ize  f r a c t i o n  at s e v e r a l  depths on such 
a l o g a r i th m ic  graph.  An exam ple  of  s e v e r a l  graphs  f o r  m e a s u r e m e n ts  
in a f lum e are  shown in f ig .  5. 3 which  i l lu s t ra te s  that the f o r m  of  eq.
5. 1 is c o r r e c t .  In f ig .  5 . 4  are  shown m e a s u r e d  c on cen tra t ion  plotted 
against  y - a / d - a  along with c u r v e s  which  show va lues  ca lcu la ted  by 
eq. 5. 1 with z va lues  d e te rm in e d  g ra p h ica l ly  as outlined above .  The 
data on the s t r e a m s  on which  the co n ce n tra t io n  m e a s u r e m e n t s  of  f ig .
5 . 4  w e r e  m ade  are  shown in table 5. 1. It wil l  be seen  that f ig .  5 . 4
Table  5 . 1 .  Data f o r  C u rv e s  of  F ig u re  5 . 4 .
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Exponent
z
F lo w  depth 
d - f t
Slope 
ft p e r  ft
Size  of  
suspended 
sand 
m m
Cone,  at 
r e f e r e n c e  
le ve l
Ca g m / Ht
Site of 
m e a s u r e ­
ment
0 . 16 9. 9 .000125 . 044 
to
. 062
0. 134 M i s s o u r i  R. 
at Omaha 
10 -18 -51
0 .3 2 0. 590 .00125 . 10 6 . 95 L a b o r a to ry
0. 43 7. 7 .000121 . 062 
to 
. 074
0. 240 M i s s o u r i  R- 
at Omaha 
10 -17 -51
0. 56 0. 295 .00125 . 10 3. 20 L a b o r a t o ry
0 . 81 0. 295 .00125 . 10 17 .0 L a b o r a t o ry
1. 12 7. 7 .000121 . 149 
to
. 210
2. 53 M is s o u r i  R. 
at Omaha 
10 -17 -51
1 .93 0 . 600 .00125 . 208 
to
. 295
0. 56 L a b o r a t o r y
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Fig .  5. 3. M e a s u r e d  con cen tra t ion  of  suspended 
load  at cen ter  of  f lum e 10. 5 in wide.
F ig .  5 . 4 .  V e r t i c a l  d is tr ibut ion  of  re la t ive  concentra t ion  
of  suspended sed im ent  o v e r  a wide range o f  condit ions  of  
f l ow  and sed im ent  s ize .
r e p re s e n ts  a w ide range  o f  s tr e a m s  and that the c u r v e s  f it  the data v e r y  
w e ll .
T o  ca lcu la te  the z value one m ust f i r s t  ca lcu la te  the settling 
v e lo c i ty  w, the shear  v e lo c i ty  u^ and the von  K arm a n  constant k. 
V a lues  o f  z ca lcu la ted  f o r  la b o r a to r y  s tr e a m s  using va lues  o f  w fo r  
w hich  the e f fe c t  of c o n ce n tra t io n  has been  es t im ated  and m e a s u r e d  k 
va lues  have a g re e d  within a few  p e rce n t  of z va lues  d e term in ed  by the 
grap h ica l  p r o c e d u r e  outline above .
V a lues  o f  k have been  o b s e r v e d  to d e c r e a s e  f r o m  0 .4  f o r  c le a r  
w ater  to as litt le  as 0. 2 f o r  high co n ce n tra t io n  o f  suspended  load  (re f .  
5 . 1 ) .  F ig .  1 .5  show s v e lo c i t y  p r o f i le s  fo r  a c l e a r  f lo w  with k = 0 .4  
and a h eav ily  laden f lo w  with k = 0 . 2 .  The value o f  k can  be ca lcu la ted  
f r o m  graphs o f  v e lo c i t y  v e r s u s  lo g  y o r  lo g  y /d  as shown in f ig .
5 . 1 ,  F r o m  eq. 1. 22 it can  be seen  that the s lop e  N o f  the straight 
line in f ig .  1 . 5 a  is
y i u
N = ---------—  = --------£ = =  .
V2 ' V1 2 . 3 j g d S
N can  be d e te rm in e d  f r o m  the s e m i - l o g  graph  like f ig .  5. la  and k 
then ca lcu la te d  using known va lues  o f  d and S.
The p r o b le m  o f  d e term in in g  z f o r  a s tre a m  w h ere  no m e a s u r e ­
m ents  a re  ava ilab le  is not s o lv e d  s a t is fa c to r i ly .  No good  w ay is a v a i l ­
able  o f  d e term in in g  w even  i f  the co n ce n tra t io n  of suspended  sed im ent 
w e re  known and this c o n ce n tra t io n  cannot be es t im a ted  v e r y  c lo s e ly .
The value o f  k a ls o  depends on the con cen tra t ion .  E in ste in  and Chien 
(r e f .  5. 2) have p lotted  o b s e r v e d  va lues  o f  k against the p a ra m e te r
\~ c. w. y -y 
L  V S f  y
w here  m is  the c o n ce n tra t io n  of gra in s  with settling v e lo c i t y  w ^  V 
is  the m ean  f lo w  v e lo c i ty ,  is  the f r i c t io n  s lop e  and y s and y are
r e s p e c t iv e ly  the s p e c i f i c  w eight o f  the sed im en t  and w a ter .  The ]|r 
denotes  su m m ation  f o r  all va lues  o f  m and w ..  This  graph can be 
used  to es t im ate  k after one has es t im a ted  the con cen tra t ion .
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In v iew  of the im p e r fe c t  state o f  th e o r ie s  o f  sed im en t  susp en s ion  
the p re d ic t io n  o f  the d istr ibu tion  o f  sed im en t  in a f lo w  m ust continue to 
in vo lve  the e x e r c i s e  o f  judgem en t and the re su lt  can  only be co n s id e r e d  
an es t im ate .
5 .5 .  A p p lica t ion  o f  D is tr ibu tion  E quation . The exponent z in eq. 5. 1 
can  be used d ir e c t ly  to judge qua lita tive ly  i f  a p p re c ia b le  quantities of 
sed im ent a re  being c a r r ie d  in su sp en s ion . A s can  be seen  f r o m  f ig .  5 .2  
when z e x c e e d s  about 2 or  3 m o s t  o f  the sed im en t  is  m ov in g  near the 
bed. F o r  such  c a s e s  one w ould  exp ect  the s tream  to appear  c le a r  when 
v iew ed  f r o m  the bank. On the other  hand i f  z w as in the n e ighborhood  
o f  0. 1 one would e x p e c t  to  s ee  sed im en t  on the s u r fa ce  o f  the s tream . 
The know ledge o f  z va lues  w il l  im m e d ia te ly  enable one to v isu a liz e  
the s tream  and the kind of load  it w ill  c a r r y .
The suspended  load  d is ch a rg e  o f  a s tream  can be ca lcu la ted  by 
sum m ing up the d is ch a rg e  o f  all the f i la m en ts  o f  the f lo w  f r o m  the bed 
to the s u r fa ce  o f  the s tr e a m . A  f i la m en t  o f  f lo w  one fo o t  w ide and a 
sm a ll  d istan ce  dy in height w il l  d is ch a rg e  a vo lu m e of  w ater  p er  sec  
equal to v  dy w h ere  v  is  the m ean  v e lo c i ty  o f  the f i lam en t . If the 
co n ce n tra t io n  o f  suspended  sed im en t  at the le v e l  y of the f i la m en t  is  
c lbs  p e r  cu  ft then the sed im en t  d is c h a rg e d  by the f i lam en t  p er  se c  is 
c v d y .  T o  sum up the sed im en t  d is ch a rg e  o f  a ll f i la m en ts  one in tegrates  
c v d y  o r  ,rd
j c v d y .  (5 .3 )
Eq. 5. 1 f o r  c and eq. 1 .2 2  f o r  v  can  be substituted  into eq. 5. 3 to 
y ie ld  an in vo lved  re la t io n  f o r  the suspended  load  d is ch a rg e  in t e r m s  of 
c a the r e fe r e n c e  co n ce n tra t io n .  S ince  there  is  no stra ight fo rw a rd  
re la t ion  f o r  c , the in tegra l  cannot be evaluated  p r e c i s e ly .  E inste in  
has evaluated  c using a bed load  equation in his p ap er  on the bed load  
function  ( r e f .  5. 3). S ince r iv e r  sed im en ts  a re  w e ll  g ra d ed  they m ust 
be brok en  up into s e v e r a l  s iz e  f ra c t io n s  and the in tegra t ion  o f  eq. 5. 3 
p e r fo r m e d  fo r  ea ch  s iz e  f ra ct io n .
5. 6. B ed  L o a d . T h e re  a re  no re l ia b le  th e o r ie s  fo r  b e d - lo a d  d isch a rg e  
and all e x p r e s s io n s  ava ilab le  are  b a sed  a lm o s t  e n t ire ly  on exp er im en ta l
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re su lts .  The in te ra c t io n  betw een  f lo w  and the gra in s  on the bed and theyet
fo rm a t io n  o f  dunes m akes  up a v e r y  c o m p l ic a te d  sys tem  that has [yet] to yie ld
to a n a ly s is .  Solution o f  the p ro b le m  o f the beh a v ior  o f  the bed  m ust
p r o g r e s s  b e fo r e  t ra n sp o r t  r e la t ion s  can  be put on a f i r m  foundation.
Until such  p r o g r e s s  is  m ad e , ca lcu la t io n  o f  the bed  load  d is ch a rg e  as
w ell  as the total d is c h a rg e  m u st  r e ly  on e m p ir i c a l  re la t io n s .
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P r o b le m :  -
5. 1 The table b e low  g iv e s  v e lo c i t y  d istr ibu tion  and suspended  sand 
d is tr ib u tion  f o r  the f r a c t io n  o f  the m a te r ia l  p a ss in g  the .1 0 5  m m  s ieve  
and re ta in ed  on the . 074 m m  s ie v e  at v e r t i c a l  C -3  on the M iss o u r i  
R iv e r  at Omaha on 4 N ov. 195 2. On this day the s lop e  o f  the s trea m  
w as .0 0 0 1 2 0 ,  the depth was 7. 8 ft, the width was 800 ft, the w ater 
te m p e ra tu re  was 7 °C ,  and the f lo w  was a p p ro x im a te ly  u n ifo rm .
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a) P lo t  the v e lo c i t y  p r o f i le  on s e m i - l o g a r i t h m ic  graph  p ap er  (v  v s .  log  y)
and co n ce n tra t io n  p r o f i le  on l o g - l o g  paper  (c  v s .  ). D raw  stra ight
lin e s  g iv ing  the b e s t  f it  to the p lotted  p o in ts .
b) C om pute f r o m  data g iven  and your graphs the fo l lo w in g  quantities:
u ^  = shear  v e lo c i ty
V = m ean  v e lo c i ty  (at v e r t i c a l  C -3 )  
k = von K arm an  constant 
f  = D a r c y  f r i c t i o n  fa c to r
z = exponent o f  suspended  loa d  equation f r o m  graph 
z = w /k u ^ .
c) C om pute the rate  o f  t ra n sp o r t  o f  this p a r t icu la r  s iz e  f r a c t io n  o f  
sand in  pounds p er  s e co n d  p e r  fo o t  by g ra p h ica l  in tegrat ion  of the 
p rod u ct  cv .
y
d istan ce  up f r o m  
bottom  
ft
V
v e lo c i ty  
f t / s e c
c
co n ce n tra t io n  
(in s iz e  f ra c t io n  
0 .0 7 4 - 0 .  105 m m ) 
gr/1
0 .7 4. 30 0. 411
0 .9 4 .5 0 0. 380
1. 2 4. 64 0. 305
1 .4 4. 77 0 . 299
1 .7 4. 83 0. 277
2. 2 5. 12 0. 238
2. 7 5. 30 0. 217
2 .9 5 .4 0 -
3. 2 5 .4 2 0. 196
3. 4 5 .4 2 -
3. 7 5 .5 0 0. 184
4. 2 5. 60 -
4. 8 5. 60 0. 148
5. 8 5 .7 0 0. 130
6 . 8 5 .9 5 -
7. 8 ( su r fa ce ) - -
C H A P T E R  6 - SEDIMENT DISCHARGE F O R M U L A S
6 . 1. In trod u ct ion . The m o s t  im portant p r a c t ic a l  o b je c t iv e  o f  r e s e a r c h  
in sed im entation  is  to obtain an e x p r e s s io n  f o r  the sed im en t  d is ch a rg e  in 
t e r m s  o f  h ydrau lic  p a r a m e te r s  and sed im en t  p r o p e r t ie s .  With such  a 
re la t ion  it w ould  be p o s s ib le  to p r e d ic t  the am ount o f  degradation , 
aggradation  or  bank e r o s io n  to be exp ected  in a s tre a m , and it would be 
p o s s ib le  a ls o  to plan w o rk  to l im it  these  o c c u r r e n c e s  to to le ra b le  
am ounts or  to e lim inate  them i f  u n d es ira b le .  B e ca u se  sed im entation  
m e ch a n ics  is  only im p e r fe c t ly  d e v e lo p e d ,  sed im en t  d is c h a rg e  re la t ion s  
are  la r g e ly  e m p ir i c a l  in nature and do not g ive  p r e c i s e  re su lts .
The o ld e r  fo rm u la s  are  v e r y  often  r e f e r r e d  to as bed  load 
fo rm u la s  apparently  b e ca u s e  the bed  load  w as p ro b a b ly  the la r g e s t  part 
o f  the load  in the e x p e r im e n ts  on w hich  the fo rm u la s  w e re  based . N ew er 
fo rm u la s  w hich  account e x p l ic i t ly  f o r  the suspended  load  are  s o m e t im e s  
c a l le d  total load  or  total sed im ent d is c h a rg e  fo r m u la s .  A ctu a lly  all o f  
the tra n sp o r t  fo rm u la s  are  total load  fo rm u la s  but each  one app lies  to a 
l im ite d  set o f  con d it ion s  depending on the data upon w hich  it is based .
In the fo l lo w in g  p aragrap h s  s e v e r a l  o f  the better  known fo rm u la s  
w ill  be p re se n te d  and c o m p a r e d  with a v iew  to evaluating them fo r  use 
in en g in eer in g  w ork .
6 . 2. Sedim ent D is c h a r g e  F o r m u la s . The fo l lo w in g  fo r m u la s  a re  g iven  
be low :
(a) M e y e r  P e te r  ( r e f .  6. 1) (eq . 6. 1)
(b) S ch ok lits ch  ( r e f .  6. 2) (eq . 6. 2)
(c )  D uboys ( r e f .  1 .2 ,  p. 794) (eq . 6 .3 )
(d) Shields ( r e f .  1 .2 ,  p. 795) (eq . 6 .4 )
(e) E in s te in -B r o w n  (re f .  1 .2 ,  p. 797) (eq . 6 .5 )
(f) M e y e r  P e t e r - M u l l e r  (re f .  6. 1) (eq . 6 .6 )
(g) L a u rse n  (r e f .  6. 3) (eq. 6. 7)
(h) E in ste in  Bed Load  F unction  ( r e f .  5 . 3 )  (eq . 6 .8 )
In the fo l lo w in g  fo rm u la s  g g is  the bed  m a te r ia l  d is ch a rg e  per  ft 
o f  width o f  s tre a m . The w ash  load  is  not g iven  by the fo r m u la s .  A s can  
be seen  the equations apply to tw o -d im e n s io n a l  f low .
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(a) M e y e r  P e te r  F o r m u la  ( r e f .  6 . 1).
g 2/^ = 3 9 .2 5  q 2 /5S - 9 .9 5  d . ( 6 .1 )
d = , '0 a T  p. d .. ( 6 . 1 a)m 100  A* si ' '
g g = sed im ent d is c h a rg e  in lb s  per  sec  p e r  ft o f  channel width, 
q = w ater  d is c h a rg e  in c fs  p e r  ft o f  channel width. 
dm  = m ean  s iz e  o f  sed im en t  in ft a c c o r d in g  to eq . 6 . la .
p. = w eight p e r ce n t  o f  bed  sed im en t  with m ean  s iz e  d .
w h ere  d . is  in ft. si
£  denotes  su m m ation  o v e r  all s iz e  f ra c t io n s  o f  bed  sed im en t ,  
i
T o  d e te rm in e  d , a m e ch a n ica l  an a lys is  o f  a r e p re se n ta t iv e
samp le  o f  bed  material m ust f i r s t  be m ad e . The bed m a te r ia l  is  then 
d iv ided  into a conven ient n um ber of s iz e  f r a c t io n s  and the m e a n  s ize  
d gi and w eight p e rce n t  p g . o f  ea ch  f r a c t io n  d e term in ed . The sum of
the p rod u cts  p .d gi is  then obtained and d iv ided  by 100  as in eq. 6 . la .
The M e y e r  P e te r  fo r m u la  as w ritten  in eq . 6 . 1 is  va lid  on ly  f o r  the 
f o o t - l b s - s e c  sy s te m  of units.
(b) S ch ok lits ch  fo r m u la  ( r e f .  6 . 2).
g = Y , T7Y7T "  S 3/ 2 ( q -q  .) .  ( 6 . 2 )5 s A- 100  r-j-77- no r  v '
V si
d".
qo . = . 00532 ^ -  ( 6 . 2 a)
S
S = s lop e  o f  channel in ft p er  ft.
d " .  = m ean  s iz e  o f  a s ize  f r a c t io n  o f  the bed  sed im ent in in ch es ,si
Pi = w eight p e rce n t  of bed sed im en t  with m ean  s iz e  d g\.
q . = the value of q at w h ich  sed im en t  m otion  beg ins  in c fs
01 p e r  ft.
denotes  su m m a tion  o v e r  all s ize  f r a c t io n s ,  
i
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(c)  Duboys  f o r m u la  ( re f .  1 .2 ,  p. 794).
(6 .3 )
3
= c o e f f i c i e n t  depending on m ean  s i ze  of  bed  sed im ent ,  ft per  
lb per  s e c .
= y d S  = bed shear  s t r e s s  in lbs  per  sq  ft.
= c r i t i c a l  bed  shear  s t r e s s  in lbs  per  sq  ft.
and Tc are  g iven  in f ig .  6. 1 as funct ions  o f  the m e an  s i ze  of  bed  
sed im ent ,  (a fter  Straub)
y = s p e c i f i c  weight of  water  lbs  p e r  cu  ft. 
d = w ater  depth.
S = s lope  of  channel.
(d) Shields f o r m u la  ( r e f .  1 . 2 ,  p. 795).
(6 .4 )
s g = s p e c i f i c  grav ity  of  sedim ent .
d = m e an  s i ze  of  bed sed im ent ,  s
Tc = c r i t i c a l  bed shear  s t r e s s  g iven  in graph, f ig .  4. 2,
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v e r s u s
= m a s s  dens i ty  of  w ater .
= k inem at ic  v i s c o s i t y  o f  w ater .  
= s p e c i f i c  weight  of  w ater .
Since  the Shields f o r m u la  is d im e n s io n a l ly  h o m o ge n e o u s ,  any cons is ten t  
set o f  units can be used  in it.
(e) E in s t e in - B r o w n  f o r m u l a  ( r e f .  1 . 2 ,  p. 797).
(6. 5)
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(6. 5a)
(6. 5b) 
(6. 5c)
( 6 . 6) *
(6. 6a)
( 1- 6)
(6. 6b)
(6 .7 )
The funct ion  f  is g iven  in f ig .  6. 2- Other s y m b o l s  are  as defined 
p r e v io u s ly .  Any sy s te m  o f  units can  be used with the above  f o rm u la .
(f) M e y e r  P e t e r - M u l l e r  f o r m u la  ( r e f .  6. 1).
f  = funct ion of  R eyno lds  num ber  and r e la t iv e  ro u g h n e ss  « / D  
given in chart  f o r m ,  f o r  exam p le ,  s ee  f ig .  8. 8, p. 182, 
re f .  1 .1 .
= R eynolds  num ber .
= re la t ive  rough ness .
d 9~ = s i z e  o f  sed im ent  in bed f o r  which  90 p e r ce n t  by weight is 
f iner ,  ft.
Other s y m b o ls  are  as def ined f o r  e q s .  6. 1 and 6 . 4 .  Any sys te m  o f  units 
m a y  be used  in eq.  6. 6.
(g) L a u rse n  f o r m u l a  ( r e f .  6. 3).
*Eq.  6. 6 l ike other  f o r m u la s  is f o r  tw o -d im e n s io n a l  f low .  F o r  m ethods  
of  c o r r e c t i n g  f o r  e f fe c t s  of banks and reduc ing  channel  f l ow  to 
equivalent  t w o -d im e n s io n a l  f l ow  see re f .  6. 1.
c = m ean  sed im en t  d is c h a rg e  co n ce n tra t io n  in p e rce n t  by w eight.
w. = settling  v e lo c i t y  of p a r t ic le  with s iz e  d gi in fp s .
d . = m ean  s iz e  o f  the gra in s  in a s ize  f r a c t io n  o f  the bed  m a te r ia l  
m  ft.
t ' . = bed  sh ear  s t r e s s  due to gra in  rou gh n ess  of a gra in  of s ize  
d gi in lbs p er  sq  ft.
T . = 4 d  . = c r i t i c a l  bed  sh ear  s t r e s s  f o r  p a r t ic le  o f  s iz e  d . ft. c i  si "  si
u* = j  g d S  = total shear  v e lo c i ty  in fp s .
V = m ean  f lo w  v e lo c i ty  in fp s .
u *
f (— ■) = g ra p h ica l  function  g iven  in f ig .  6. 3. 
i
2  ^ in d ica tes  su m m ation  of va lues  f o r  each  s iz e  f ra ct io n ,  
i
(h) E in ste in  bed  load  function  ( r e f .  5. 3). Space d oes  not p e rm it  the 
p resen ta t ion  and explanation  o f  a ll o f  the equations and ch arts  needed  to 
m ake ca lcu la t ion s  by this m ethod . F o r  this in fo rm a tio n  the re a d e r  is  
r e f e r r e d  to the o r ig in a l  p u b lica tions  ( r e f .  6. 5 and 5» 3).
6 . 3. F lo w  F o r m u la s . A sed im en t  d is ch a rg e  fo r m u la  is  used in design  
w o rk  to give  a r e la t io n  betw een  the w ater  d is c h a rg e  q and sed im ent 
d is ch a rg e  g g . F o r  the M e y e r  P e te r  and S ch ok lits ch  fo r m u la s ,  eqs .
6 . 1 and 6. 2, this re su lt  can  be obtained  in a stra ight fo rw a r d  m anner . 
Once the s lope  S and m e ch a n ica l  a n a lys is  o f  the bed m a te r ia l  have 
been  d e te rm in e d ,  va lues  o f  q are  a s su m e d  and g g is ca lcu la ted .  A  
cu rv e  o f  g g v e r s u s  q can  then be p re p a re d .  Such a cu rv e  w ill  be 
c a l le d  a sed im en t  d is c h a rg e  rating cu r v e .
A ll  o f  the other fo rm u la s  p re se n te d  conta in  t e r m s  such  as the 
shear  s t r e s s ,  depth and m ean  v e lo c i ty .  In o r d e r  to e x p r e s s  g g in t e r m s  
o f  q in  such  equations, a re la t io n  betw een  q and depth is  needed . The
(6 .7 b )
(6. 7a)
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F ig .  6. 1. Graph of  c o e f f i c i e n t  Ψ  and c r i t i c a l  shear  s t r e s s ,  
τ c f o r  Duboys  eq. 6 . 3 .
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Fig .  6. 2. G raph  of  function 
B row n  eq. 6 . 5 .
f o r  E in s te in -
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F ig .  6 . 3 .  Graph of functions f ( u ^ /w )  f o r  L a ursen  
f o rm u la ,  eq.  6 .7 .
f lo w  equation , i. e.  , the C hezy  equation  g iv es  such  a re la t ion ,  h ow ever ,  
in o r d e r  to use it, one m ust know the f r i c t i o n  fa c to r .  A s a lread y  stated 
the f r i c t io n  fa c to r  of a lluv ia l s tre a m s  v a r ie s  and its p r e c i s e  d e t e r m in a ­
tion is  not p o s s ib le .  T h e re  are  two m ethods of ana lyzing  f lo w  in 
a lluv ia l channels  w hich  g ive in d ir e c t ly  the f r ic t io n  fa c to r  ( r e f s .  6 .5 ,
6 . 6). The f i r s t  o f  these p re se n te d  by E in ste in  and B a r b a r o s s a  (re f .  6. 5) 
is based  on r iv e r  m e a s u re m e n ts  w hile the other is b a sed  m a in ly  on 
la b o r a to r y  data. In the ca lcu la t io n s  by fo r m u la s  p re se n te d  in the next 
se c t io n  the d is ch a rg e  q w as d e te rm in e d  by the E in s t e in -B a r b a r o s s a  
m ethod . This  gave a re la t ion  betw een  q and the depth w h ich  cou ld  be 
p re se n te d  g ra p h ica l ly  as a f low  rating c u r v e .
The E in s t e in -B a r b a r o s s a  m ethod  o f  d e ve lop in g  a rating cu rv e  is 
based  on the id ea  that the bed f r i c t io n  of an alluvia l s tre a m  can  be 
d iv ided  into two p a r ts ,  one due to the sand g ra in  rou gh n ess  and the other 
to the dunes or  bed  i r r e g u la r i t i e s .  The total bed f r i c t io n  re su lts  in a 
bed shear  s t r e s s  τ O w hich  a c c o r d in g  to the above idea is  m ade up o f  a
part t 'O due to the sand gra in  rou gh n ess  and due to the bed
i r r e g u la r i t ie s .
B e ca u se  o f  sp a ce  l im ita t io n s ,  the re la t ion s  of the E in ste in -  
B a r b a r o s s a  m ethod  cannot be p re se n te d .  The r e a d e r  is r e fe r r e d  to the 
o r ig in a l  p u b lica t ion  ( r e f .  6. 5) f o r  c o m p le te  in fo rm a tio n  on the m ethod.
R e fe r e n c e s :
1. 2 R ou se ,  H. , ed ito r ,  E n g in eer in g  H y d ra u lic s ,  John W iley  and Sons, 
1950.
6 . 1 M e y e r ,  P e te r  E. , and M u lle r ,  R. , " F o r m u la s  f o r  B ed  Load
T r a n s p o r t "  R e p o r t  on the Second  M eeting , International A s s o c i a ­
tion f o r  H ydrau lic  S tru ctu res  R e s e a r c h ,  S tockholm , 1948, 
pp. 39 -6 4 .
6 .2  Shulits, Sam uel, "T he  S ch ok lits ch  B e d -L o a d  F o r m u la " ,  
E n g in eer in g ,  June 1935.
6 . 3 L a u rse n ,  E m m ett ,  "T h e  Tota l S edim ent Load  of S t r e a m s " ,
J. o f  Hyd. D iv. , A. S . C . E . ,  vo l.  54, no. HY1,  F eb . 1958,
P a p e r  No. 1530.
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6 . 4  - - S u b -C o m m it te  on Sedimentat ion ,  U. S. In teragency  C o m ­
m it tee  on Water  R e s o u r c e s ,  M e a s u r e m e n t  and A n a lys is  of  
Sediment  Loads  in S t r e a m s , Rep .  No. 12 , "S o m e  Fundamentals  
of  P a r t i c l e  Size  A n a l y s i s " ,  1957. (St. Anthony F a l ls  Hydraulic  
L a b o r a t o ry ,  M inneap o l i s ,  M innesota ) .
6 . 5 Einste in ,  Hans A .  , and B a r b a r o s s a ,  N icho las  L.  , " R iv e r  
Channel  R o u g h n e s s " ,  T r a n s .  A . S . C . E . ,  vo l .  117, 1952, 
pp. 1121-1146 .
6 .6  Liu, K s in -K u an  and Hwang, S h o i -Y an ,  " D i s c h a r g e  F o r m u la s  
f o r  Straight Al luv ia l  C h anne ls " ,  J. of  Hyd. Div.  , A. S. C. E.  , 
Nov. 1959, pp. 65 -97 .
P r o b l e m :  -
6 . 1 Calcu late  the sed im ent  d i s c h a r g e  per  unit width f o r  the C o lo r a d o  
R iv e r  at T a y l o r ' s  F e r r y  fo r  a depth of 10 ft and f low  rate of  40 c fs  per  
ft us ing the f o l low ing  7 equations,
(a) M e y e r  P e t e r  (eq.  6. 1)
(b) Schok l i ts ch  (eq.  6. 2)
(c)  Duboys  (eq.  6. 3)
(d) Shields (eq.  6. 4)
(e) E in s t e in - B r o w n  (eq.  6 .5 )
(f) M e y e r  P e t e r - M u l l e r  (eq.  6 .6 )
(g) L a u r s e n  (eq.  6. 7)
The s lope  and data on sed im ent  are  g iven in tables  7 . 1 ,  7 . 2  and 7. 3. 
(The c l a s s  w i l l  be d iv ided into 7 groups  of  4 to 5 m e n  each  and each  
group shall  s o lve  the p r o b l e m  f o r  2 equa t ion s . )
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C H A P T E R  7 -  COM PARISO N  O F SEDIM EN T DISCHARGE FO R M U L A S
7. 1 B a s is  f o r  C o m p a r iso n .  A s  in d ica ted  p r e v io u s ly ,  sed im en t  d i s ­
ch arge  fo rm u la s  a re  based  a lm o s t  en t ire ly  on la b o r a to r y  data. Since 
v e r y  litt le  is  known about how tra n sp o r t  r e la t ion s  w ill  change, i f  at 
all, as the s ize  o f  s tre a m s  in c r e a s e s  there is  no b a s is  f o r  judging 
how w ell fo rm u la s  b a sed  on data f r o m  sm a ll  la b o r a to r y  s tr e a m s  w ill  
apply to la r g e  s tr e a m s  such  as r i v e r s .  F u rth e r  u n certa in t ies  are  
in trod u ced  b e ca u se  natural s tr e a m s  d i f fe r  f r o m  la b o r a to r y  f low s  in 
that their  channels  a re  i r r e g u la r  in c r o s s - s e c t i o n  and alignm ent.
The idea l m eth od  o f  evaluating fo rm u la s  is  to c o m p a r e  actual m e a s u r e d  
sed im en t  d is c h a rg e s  o f  r iv e r s  with the va lues  g iven  by fo r m u la s .  Un­
fortun ate ly , v e r y  few  g o o d  total sed im en t  d is ch a rg e  m e a s u re m e n ts  on 
r iv e r s  a re  ava ilab le  due to the d iff icu lty  and expense  of m aking them .
M e a su re m e n ts  m ade at the fo llow in g  s ites  w e re  used in  co m p a r in g  
the fo rm u la s :
1. C o lo ra d o  R iv e r  at T a y lo r 's  F e r r y  ( r e f .  7. 1)
2. N io b ra ra  R iv e r  near  C ody , N ebraska  (re f .  7 . 2 )
3. M ountain C re e k  near  G re e n v i l le ,  South C a ro lin a  (re f .  7. 3)
4. W est  G o o s e  C r e e k  n e a r  O x ford ,  M is s is s ip p i  ( r e f .  7 . 3 ) .
The total bed  m a te r ia l  lo a d  o f  the C o lo r a d o  R iv e r  was b a se d  on 
suspended  lo a d  sa m p le s  and ca lcu la t ion s  by the m o d if ie d  E in ste in  
m ethod  d e v e lo p e d  by C o lby  and H e m b re e  (re f .  7. 2). This m eth od  u ses  
m e a s u r e d  v e lo c i t i e s ,  depths and suspended  loa d  s a m p le s  in m o d i f i c a ­
tions o f  the equations p re se n te d  by E in ste in  in his bed  lo a d  function  
(re f .  5. 3) . It has the advantage that actual m e a s u r e d  va lues  fo r
som e im p ortan t  quantities are  u sed  in the equations instead  o f  ca lcu la ted  
va lu es .
In the other  three s t r e a m s ,  2, 3 and 4, total load , including bed 
loa d  was m e a s u r e d  d ir e c t ly .
V alues o f  the m ain  p r o p e r t ie s  and d im en s ion s  o f  the four  s tre a m s  
are  l i s te d  in table 7 . 1 .  The s tr e a m s  v a ry  in s ize  f r o m  the C o lo ra d o  
with depth up to 12 ft and widths o f  about 350 ft to w est  G o o s e  C re e k  
with depth o f  a few  in ch es  and a width o f  13 ft. The bed  m a te r ia l  was 
m ed iu m  sand e x ce p t  fo r  M ountain C r e e k  w hich  has c o a r s e  sand.
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Mountain C re e k  had the c o a r s e s t  bed m a te r ia l
The s ieve  a n a lyses  o f  the bed  sed im en ts  fo r  the s tr e a m s  are  
shown in table 7 .2 ,  T ab le  7 .3  show s the s ize  f ra c t io n s  into w hich  the 
sed im en ts  w e re  d iv id ed  in the ca lcu la t ion s  with fo rm u la s  o f  S ch ok litsch ,  
L a u rse n  and the E in ste in  bed  load  function . This  table a ls o  g iv e  the 
settling v e lo c i t ie s  ca lcu la te d  a c c o r d in g  to ch arts  o f  r e f .  6 . 4  with a 
shape fa c to r  o f  0 .7 .
The o b s e r v e d  sed im en t  d is c h a rg e s  used  in co m p a r in g  fo rm u la s  
exclude  the w ash  lo a d  and include  only bed  m a te r ia l  load . The wash 
load  fo r  the N io b r a r a  R iv e r  c o n s is te d  o f  p a r t ic le s  f in e r  than . 125 m m . 
The w ash load s  fo r  the o ther  s tr e a m s  w e re  not g iven  but a re  p r e su m e d  
to have been  sm a ll .
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T ab le  7. 1
P r o p e r t ie s  o f  S trea m s  at S ites o f  Sed im ent D is ch a rg e  M e a su re m e n ts
Data
S trea m
C o lo ra d o N io b ra ra M ountain W. G o o se
R. R . C r . C r .
depth range - -  - - d - f t 4 -1 2 0. 7 -1 .  3 . 1 6 - . 45 . 12 - .  25
range in q - - - - c f s / f t 8 -35 1. 7 -5 . 2 - 1 . 1 0 . 2 - 0 . 6
width - - - - - - ft 350 110 14 13
slope  - - - - - -  f t / f t .000217 .00129 .00157 .00305
tem p era tu re  - - - ° F 60 60 78 68
G e o m . m ean  sed . s i z e ,m m . 320 .2 8 3 . 86 .287
G e o m . std. dev ia t ion ,  Q~
g
1 .4 4 1 .6 1. 8 1 .5
d 0 - - - - - - - -  - m m .287 .2 3 3 0 . 68 . 245
d 5 Q ------------------------- m m . 330 . 277 0 . 86 . 287
d . - - - - - - - -  - m m65 . 378 . 335 1 .0 8 . 330
d90 - - - - - -  - m m - - . 530 1. 88 .470
m ean  s iz e  - -  - d - m mm .3 9 6 . 342 1 .0 2 . 308
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Fig .  7. 1. F lo w  rating c u r v e  f o r  C o lo r a d o  R iver  at 
T a y l o r ' s  F e r r y  ca lcu la ted  by E i n s t e i n - B a r b a r o s s a  
m ethod  c o m p a r e d  with m e a s u r e m e n ts .
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F ig .  7. 2. F lo w  rating cu rv e  f o r  Mountain C r e e k  ca lcu lated  
by E i n s t e i n - B a r b a r o s s a  method ,  c o m p a r e d  with m e a s u r e m e n ts .
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F ig .  7. 3. F lo w  rating curve  f o r  W est  G o o se  C r e e k  ca lcu lated  
by E i n s t e i n - B a r b a r o s s a  m ethod ,  c o m p a r e d  with m e a s u r e m e n ts .
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Fig .  7. 4. Sediment  rating c u r v e s  f o r  C o lo r a d o  R iv e r  at 
T a y l o r ' s  F e r r y  a c c o r d in g  to s e v e r a l  f o r m u la s ,  c o m p a r e d  
with m e a s u r e m e n ts .
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Fig .  7 . 5 .  Sediment  rating c u r v e s  fo r  N io b r a r y  R iv e r  near 
Cody,  N ebraska  a c c o r d in g  to s e v e r a l  f o r m u la s ,  c o m p a r e d  
with m e a s u r e m e n ts .
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Fig .  7 . 6 .  Sediment  rating c u r v e s  fo r  Mountain C r e e k  
near  G re e n v i l l e ,  South C aro l ina  a c c o r d in g  to s e v e r a l  
f o r m u la s ,  c o m p a r e d  with m e a s u r e m e n ts .
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Fig .  7. 7. Sediment  rat ing c u r v e s  f o r  W est  G o o se  C r e e k  
near  Oxford ,  M i s s i s s i p p i  a c c o r d in g  to s e v e r a l  f o r m u la s ,  
c o m p a r e d  with m e a s u r e m e n ts .
The o b s e r v e d  data f o r  the fo u r  s tr e a m s  show ed  f luctuations  in 
quantities as s u r fa ce  s lo p e ,  w ater  tem p era tu re  and g ra in  s iz e  of bed 
sed im en t . In m aking the c a lcu la t io n s  m ean  va lues  of these  quantities 
w e re  used . The fo l lo w in g  notes  ind icate  how s o m e  of  the im portant 
quantities w e re  se le c te d .
C o lo r a d o  R iv e r  at T a y lo r 's  F e r r y .  The m e a s u r e d  s u r fa ce  slopes 
( r e f .  7. 1) v a r ie d  f r o m  .0 0 0 1 4 7  to .0 0 0 3 3 3 .  In the ca lcu la t ion s  the 
a r ith m etic  a v e ra g e  o f  a ll m e a s u r e d  s lo p e s  o r  .00021 7  was used . The 
w ater  te m p e ra tu re  v a r ie d  betw een  48 and 81 ° F .  A te m p e ra tu re  of 
6 0 °F  w as used  in the ca lcu la t io n s .
N io b r a r a  R iv e r .  A ll  sed im en t  d is c h a rg e  data in r e f .  7. 2 w e re  
used . The te m p e ra tu re  o f  the w ater  v a r ie d  betw een  33 and 8 6 °F .  In 
the ca lcu la t io n s  a te m p e ra tu re  o f  6 0 °F  w as used . T o  obtain  q g the
total sed im en t  d is c h a rg e  w as d iv ided  by 135 ft, a m ean  width f o r  the 
s trea m  obtained  f o r  F ig .  24, r e f .  7 .2 .  A  s lope  o f  .0 0 1 2 9  w as used in 
the c a lcu la t io n s .  The m ean  w ater  s u r fa ce  s lo p e  f r o m  data o f  Table  24, 
p. 26 o f  r e f .  7 .2  is  .0 0 1 2 1 .
M ountain C r e e k . The s u r fa c e  s lop e  o f  M ountain C r e e k  va r ie d  
betw een  .0 0 1 3 6  and . 00175 during the m e a s u r e m e n ts .  Only those data 
w e re  used  f o r  w hich  the s lope  f e l l  within the range . 00155 to . 00160.
A value o f  . 00157 fo r  the s lop e  w as used  in the ca lcu la t io n s .  The 
w ater  te m p e ra tu re  f o r  the m e a s u r e m e n ts  used  v a r ie d  betw een  15 and 
2 5 .5 ° C .  A  tem p era tu re  of 7 8 °F  ( 2 5 .5 ° C )  w as used  in the ca lcu la t io n s .
A  width o f  14. 22 ft  w as a ssu m e d  to obtain  q and g^.
W est  G o o s e  C re e k .  T he m e a s u r e d  w ater  s u r fa c e  s lop e  o f  
W est  G o o se  C r e e k  v a r ie d  betw een  . 00248 and . 00315. Only those data 
w e re  used  in  the sed im en t  rating cu rv e  f o r  w h ich  the s lop e  ranged 
betw een  . 00291 and . 00315. A  value o f  . 00305 w as used  f o r  the s lope  
in the c a lcu la t io n s .  A  width o f  12. 87 ft and a te m p e ra tu re  o f  68 °F  
w e re  used  in  the c a lcu la t io n s .
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7 .2  R e su lts  o f  C a lcu la t ion s .  F ig s .  7 .1 ,  7. 2 and 7. 3 show  f lo w  rating 
cu r v e s  f o r  the C o lo ra d o  R iv e r ,  Mountain C r e e k  and W est  G o o se  C r e e k  
r e s p e c t iv e ly  A The s o l id  l ine  show s the ca lcu la te d  va lues  a c c o r d in g  to 
the E in s t e in -B a r b a r o s s a  m eth od  and the dots in d ica te  m e a s u r e d  va lu es .  
The cu rv e  f o r  the C o lo ra d o  R iv e r  a g re e s  w e ll  with the m e a s u r e m e n ts .  
The cu r v e s  f o r  the other two s t r e a m s ,  f ig s .  7 .2  and 7 .3 ,  ind icate  too 
la rg e  a depth fo r  a g iven  d is c h a rg e .  The la r g e  d is c r e p a n c y  betw een  
the c u r v e s  and the actual data w ill  no doubt in trod u ce  e r r o r s  into the 
sed im ent d is ch a rg e  ca lcu la t io n s .  H ow ever  in o r d e r  to c o m p a r e  all 
fo rm u la s  on the b a s is  o f  ca lcu la t io n s  only the ca lcu la te d  f low  rating 
cu r v e s  w e re  used .
The sed im en t  d is ch a rg e  rating cu rv e s  a c c o r d in g  to the fo rm u la s  
and the m e a s u re m e n ts  a re  p lotted  on f ig s .  7 . 4  to 7 .7 .  It is  im m e d ia te ly  
apparent that there  is  a wide s ca tte r  o f  the re su lts  f o r  the d ifferen t  
fo r m u la s .  H ow ev er  the m e a s u r e m e n ts  fa ll  within the ca lcu la te d  cu rv e s
*Th'e f low  rating c u r v e  fo r  the N io b ra ra  R iv e r  was om itted .
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T able  7 -2
S ieve  A n a ly s is  o f  B ed  M a te r ia l  o f  S tream s
Sieve
opening
m m
C o lo ra d o  
% f in er
N io b ra ra  
% f in er
Mt. C r . 
% fine r
W. G o o s e  C r. 
% f in er
. 062 0 . 22 0. 5 0. 42
. 074 .07
. 125 1. 33 4. 2 . 33 1 .7
. 175 8 . 8
.2 4 6 1 .7 34. 0
. 250 2 1 . 4 4 0 .0
. 351 6 . 2 7 0 .0
.4 9 5 19. 0 93. 1
. 500 8 8 .7 89. 0
.701 3 7 .3 99. 0
. 991 60. 5 9 9 .9
1 .0 0 9 8 .0 96. 5
1 .40 79. 4
1. 98 90. 4
2 . 00 9 9 .0 98. 0
3. 96 99. 3
4. 00 99. 5 9 9 .0
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T able  7. 3
S ize  F r a c t io n s  o f  B ed  S ed im ent used in C a lcu la t ion s
in the fou r  c a s e s  p re se n te d .  It a ls o  s e e m s  p ertin ent to note that there 
is  s ca tte r  in  the m e a s u r e m e n ts  th e m se lv e s  w hich  freq u en tly  m ay  v a ry  
as m uch  as 50 to 100 p e r ce n t  f r o m  the m ean .
In o b se rv in g  the graphs  it  is  seen  that s o m e  o f  the fo rm u la s  
g ive  co n s is te n t ly  s te e p e r  rating cu r v e s  than o th e rs .  F o r  in s ta n ce ,  the 
cu r v e s  f o r  the E instein  bed  lo a d  function , L a u rse n  and M e y e r  P e t e r -  
M u lle r  equations a re  usually  s te e p e r  than the o th e rs .  The la tter  three 
equations s e e m  to g ive  s lo p e s  that a re  re a so n a b ly  c l o s e  to those  o f  
cu r v e s  through the data, although the cu r v e s  do not alw ays a g re e  with 
the data.
The sed im en t  rating cu r v e s  on lo g a r ith m ic  graphs  can be 
ap p rox im ated  by  stra ight l in es  with the equation
g s = B qm  (7. 1)
w h e re  m  is  the s lope  o f  the l ine  on the lo g a r ith m ic  sed im en t  d is ch a rg e
rating c u r v e s  and B is  g iven  by the p o s it io n  o f  the line  on the chart .
The m ean  co n ce n tra t io n  c o f  sed im en t  in the f lo w  is  g iven  bym
S tream
% by 
wt. p.r i
m ean  s iz e ,  d .si settling  v e l .  w
m m ft c m / s e c fps
C o lo ra d o  R iv e r 2 0 .8 . 177 .000580 1. 9 , 063
T = 6 0 °F 6 9 .6 . 354 .00116 4. 8 . 158
9 .6 . 707 .00232 9. 6 . 314
N io b ra ra  R iv e r 3 .9 .0 8 8 .0 0 0 2 8 8 . 77 . 0253
T = 6 0 °F 3 7 .3 . 177 .00058 0 1 .9 .063
5 1 .0 . 354 .00116 4. 8 . 158
7. 8 . 707 .00232 9 .6 . 314
Mountain C re e k 17 .7 .3 4 9 .0 0 1 1 4 5. 3 . 173
T = 7 8 °F 42. 6 .7 0 0 .00229 10. 3 . 338
3 1 .0 1 .40 .00459 10. 7 .417
8 .7 2 . 80 .0 0 9 1 8 19. 5 . 640
W est G o o s e  C re e k 32. 9 . 176 .00577 2 . 1 .0 6 9
T = 68 F 60. 2 . 349 .0 0 1 1 4 4. 9 . 161
6 . 9 .7 0 0 .0 0229 9. 8 .3 2 2
cm 4 = B q m ' 1- (7- 2)
c is  c a lle d  sed im en t d is ch a rg e  con ce n tra tio n . I f  m  = 1 the co n -
cen tra tion  c m  w ill be independent o f f lo w  rate  q and i f  m  e x ce e d s
unity c m  w ill in c r e a s e  as q in c r e a s e s .  E x p e r ie n ce  has show n, and
it is  re a son a b le  to ex p e ct , that the co n ce n tra tio n  in c r e a s e s  w ith q. 
T h e re fo r e  one can e x p e c t  that m  shou ld  be g r e a te r  than unity, i .  e. 
that the sed im en t d isch a rg e  rating cu rv e s  on lo g a r ith m ic  grap h s should  
have s te e p e r  s lo p e s  than unity. E x p e r ie n ce  in d ica te s  that the s lo p e s  
should  be betw een  2 and 3 ( r e f .  7 .4 ) .  C u rves  fitted  to the data poin ts 
show n in  f ig s .  7 .4  to 7 .7  have s lo p e s , m , in  this ran ge .
It w ill be noted  fr o m  the grap h s that the rating cu rv e s  fr o m  the 
fo rm u la s  o f  M e y e r -P e t e r ,  S ch o k litsch , D uboys, S h ields and E in ste in - 
B row n  r is e  too  s lo w ly  e s p e c ia l ly  fo r  high d is c h a r g e s . The fa c t  that 
the above 5 fo rm u la s  g iv e  r e a lis t ic  s lo p e s  at low  sed im en t d is ch a rg e s  
and s lo p e s  that a re  too  fla t  at high d is ch a rg e s  is  com p a tib le  with the 
id ea  that th ese  are  "b e d  lo a d "  fo rm u la s  intended to apply on ly  when 
the loa d  w as m o s t ly  bed  loa d . T w o o f the s tr e a m s , the C o lo ra d o  and 
N iob ra ra  w e re  known to have a p p re c ia b le  suspended  lo a d  and hence 
one w ould not e x p e c t  "b e d  lo a d "  fo rm u la s  to apply to them . A s  a 
fu rth er  ch e ck  the value o f the exponent z can  be used  to ju dge  the 
d istr ib u tion  betw een  bed  and su spen ded  lo a d . V a lu es o f  z fo r  the 
fou r  s tre a m s  a re  show n in table 7 . 4 .  T h ese  va lu es  w ere  ca lcu la te d  
fo r  the g e o m e tr ic  m ean  sed im en t s iz e  and fo r  m axim u m  and m in im u m  
flo w s . M ountain C re e k  is  the on ly  s tre a m  with va lu es  in  e x c e s s  o f  
2. 5 and w h ich  s tr ic t ly  speaking is  a "b e d  lo a d "  s tre a m . B e ca u se  o f 
this one w ould  e x p e ct  the s o -c a l le d  "b e d  lo a d "  fo rm u la s  to f it  the 
M ountain C re e k  m e a su re m e n ts  b e t te r  than those o f the o th er s tre a m s . 
H ow ever this is  not the c a s e .
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T a b le  7. 4
V a lu es  o f E xponent z fo r  S tre a m s , B a sed  on M ean S ed im en t S ize  
and a V a lue fo r  v on  K arm a n  k o f  0. 4
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7. 3 R e co m m e n d a t io n s . F r o m  the lim ite d  ev id en ce  p re se n te d  h e re  it 
is not p o s s ib le  to  re co m m e n d  s tro n g ly  any fo rm u la  o r  fo rm u la s . It is 
c le a r  that the sta tem en t by  the F ontana S ed im en tation  C o n fe re n ce  in  
1954 (r e f .  7. 5), that, in applying fo rm u la s , e r r o r s  o f  100 p e rce n t  a re  
to be e x p e cte d  a p p lie s  to the p re se n t  c a s e s .  B a se d  on the ev id en ce  
p re se n te d , the fo llo w in g  sta tem en ts a re  m ade w ith  the idea  that they 
w il l  s e r v e  as a gu ide in  the u se o f  fo rm u la s  until better  in fo rm a tio n  is  
a v a ila b le .
1. V a lu es  o f  sed im en t d is ch a rg e  ca lcu la te d  by fo rm u la s  a re  
to be c o n s id e r e d  as e s tim a te s  on ly  s in ce  the e r r o r s  in v o lved  
m a y  be 100 p e rce n t  o r  m o r e .
2. W hen p o s s ib le ,  it  is  d e s ir a b le  to  use  m o r e  than one fo rm u la  
to ca lcu la te  sed im en t d is ch a rg e . B y  co m p a rin g  the re su lts  
fr o m  s e v e r a l  fo rm u la s  one gets a rough  id ea  o f th e ir  r e lia b ility .
3. C a lcu la ted  sed im en t d is ch a rg e  rating cu rv e s  w h ich  have 
s lo p e s  on lo g a r ith m ic  grap h s w h ich  a re  in the n e igh borh ood
o f  unity a r e  to o  fla t. T h ese  cu rv e s  should  not be u sed  e s p e c ia lly  
in  c a s e s  w h ere  one is  in te re s te d  in the d iffe r e n c e  betw een  or3
the ra t io  o f ,s e d im e n t  d is c h a rg e s  fo r  d iffe re n t  flo w s  in the sam e 
chann el. In such  c a s e s  the u se o f sed im en t d is ch a rg e  rating 
c u rv e s  w ith  s lo p e s  o f betw een  2 and 3 on lo g a r ith m ic  graphs 
should  g ive  m o r e  r e lia b le  r e s u lts .
T em p q - c f s / f t z = w /0 .  4u^
S trea m °jr m in m a x m a x m in
C o lo r a d o  R iv e r 60 6. 0 60 2. 2 1. 4
N io b ra ra  R iv e r 60 1. 0 6. 0 1. 6 1. 0
M ountain  C re e k 78 0. 2 3. 0 6 .4 4. 0
W e st  G o o se  C re e k..... . . 68 0. 2 1. 0 2. 5 1. 8
R e fe r e n c e s :
7. 1 In ter im  R e p o rt ,  T ota l S edim ent T r a n sp o r t  P r o g r a m  L o w e r  
C o lo ra d o  R iv e r ,  U. S. B ureau  o f  R e c la m a tio n ,  Jan. 1955
7 .2  C o lby , B. R. and H e m b re e ,  C .H .  , "C om putation  o f  T ota l
S edim ent D is c h a r g e  N io b ra ra  R iv e r  n ear  C ody, N eb ra sk a , "
U. S. G e o lo g ic a l  Survey  W ater Supply P a p e r  1357, 1955.
7. 3 E in ste in , Hans A lb e r t ,  " B e d -L o a d  T ra n sp o r ta t io n  in Mountain 
C re e k ,  " U. S. D e p t . of A g r icu ltu re ,  Soil C o n se rv a t io n  S e r v ic e  
R ep . S C S -T P -5 5 ,  August 1944.
7 .4  L eop o ld ,  Luna B. and M addock , T h om a s  Jr . , "T h e  H ydrau lic  
G e o m e tr y  o f  S tream  Channels and S om e P h y s io g ra p h ic  
Im p l ic a t io n s " ,  U. S . G e o lo g ic a l  Survey  P r o f .  P a p e r  252.
7 .5  N otes on the Fontana C o n fe r e n c e ,  Oct. 11, 1954.
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C H A P T E R  8 -  ROUGHNESS OF A L L U V IA L  CHANNELS
8 . 1. N eed f o r  K now ledge o f  R oughness  of A llu v ia l C h an n e ls . The 
p ro b le m  o f  c le a r  f low  in f ix e d  boun dary  channels  has been  studied 
ex te n s iv e ly  and the f r i c t io n  fa c to r  o f  such  f lo w s  can be p re d ic te d  quite 
a c cu ra te ly .  F o r  such channels  the rou gh n ess  of the boun daries  is 
constant and can be d e te rm in e d  once  f o r  all t im e f o r  ea ch  m a te r ia l .  The 
flu id  p r o p e r t ie s  v a ry  on ly  with tem p era tu re  and in a s y s te m a t ic  way 
w hich  can be d e te rm in e d  quite a c cu ra te ly .
In the c a s e  o f  s tr e a m s  w h ich  tra n sp o r t  their  bed  m a te r ia l ,  and 
w hich  have m o v a b le ,  d e fo r m a b le  bed s ,  the p r o b le m  o f d eterm in in g  the 
r e s is ta n c e  to f lo w  is  m u ch  m o r e  c o m p l ic a te d .  S ince the f o r m  o f  the 
boundary  is  re la ted  to the depth and v e lo c i ty  o f  f lo w , the p r o p e r t ie s  of 
the fluid  and bed m a te r ia l ,  and the g e o m e tr y  o f  the channel, the r o u g h ­
n ess  of the channel is  not constant but can  take on an infinite num ber of 
va lu es .  F u r th e r m o r e ,  there  is  no re a s o n  to su sp e c t  that a m ixture  of 
w ater  and sed im ent w il l  have the sam e p r o p e r t ie s  and beh a v ior  as c le a r  
water,, and indeed  it d oes  not. The e f fe c ts  of the suspended  sed im ent 
in this r e s p e c t  a re  not u n d ers tood  w e ll  enough to be e x p r e s s e d  quanti­
ta tive ly . S ince the depth and v e lo c i t y  o f  f low , channel rou gh n ess ,  
sed im en t  co n ce n tra t io n  in the f low , and in s o m e  c a s e s  the channel 
g e o m e tr y  ( i f  there  is  s ign if ican t  s co u r  o r  d ep os it ion  of bed m ater ia l)  
are  all in te rre la te d ,  it is  not p o s s ib le  to m ake e x p e r im e n ts  to study 
each  va r ia b le  s e p a ra te ly  by hold ing all v a r ia b le s  constant excep t  the one 
under co n s id e ra t io n .  In the language o f  m a th e m a t ic s ,  the p ro b le m  is  
inherently  non linear.
A ll  o f  these  d i f f icu lt ie s  do not le s s e n  the need fo r  know ledge of the 
rou gh n ess  o f  a lluvia l channels  s in ce  no d es ig n  or  an a lys is  o f  any w ater  
con v ey a n ce  channel can  p r o c e d e  v e r y  fa r  without such  know ledge . To 
i l lu s tra te  the types  o f  p r o b le m s  w hich  re q u ire  know ledge  o f  rou gh n ess ,  
a hypothetica l p ro b le m  w ill  be d is c u s s e d .
Suppose that you are  an en g in eer  r e s p o n s ib le  f o r  the f lood  p r o t e c ­
tion of a c ity  on a la r g e  r iv e r .  You are  notif ied  by the r iv e r  a g en c ies  
u p stream  that a f lo o d  with a m ax im u m  d is c h a rg e  o f  Q is going to pass
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your c ity .  You m ust d e term in e  to what height the le v e e s  m ust be r a is e d  
to p r o te c t  the c ity .  A ssu m in g  the width b is  la r g e  enough that the 
depth can  be taken as equal to the h ydrau lic  rad iu s ,  M anning 's  equation 
(eq . 1. 15) m a y  be w ritten  as
Q = ( b d )  L i i  d 2/3 S 1/ 2 .'  n
This  equation cannot be s o lv e d  f o r  d until n is  known. A s w il l  be 
seen  in s e c t io n  8. 3, this rou gh n ess  can  v a ry  by a fa c to r  o f  fo u r  o r  m o r e .  
Without s o m e  know ledge  of n f o r  the r iv e r ,  o r  s o m e  ana lytica l 
technique to p r e d ic t  it, the depth of the r iv e r  at the antic ipated  d is ch a rg e  
cannot be p re d ic te d .  This sam e p r o b le m  a r i s e s  in d es ig n in g  channel 
s e c t io n s  in a lluv ia l m a te r ia l .
8 . 2. E xam p le  o f  V a ria b le  R ou ghness ; L a b o r a to ry  Data. F ig .  8. 1 
show s the re su lts  o f  a set  o f  la b o r a to r y  e x p e r im e n ts  w h ich  w e r e  p e r ­
f o r m e d  in a la b o r a to r y  f lum e 10-1/2 in ch es  w ide  and 40 ft long . E a ch  
point r e p re s e n ts  a d i f fe re n t  f lo w  con d it ion .  The depth is  the sam e fo r  
a ll points (d = 0. 241 ft) but the v e lo c i t y  is  d i f fe re n t  f o r  each . The bed 
f o r m  a cco m p a n y in g  each  f lo w  is  id entif ied  by the shading of the point as 
exp la ined  in the legen d . The sand has a m ed ian  d ia m e te r  o f  0. 152 m m . 
The s lope  o f  the f lu m e  is  v a r ia b le  s o  that u n iform  f lo w  co u ld  be 
a ch iev ed  f o r  each  v e lo c i ty .
The e x p e r im e n ts  w e re  p e r fo r m e d  by s e le c t in g  a v e lo c i t y  and
then ad justing the f lu m e  s lope  until u n iform  flow  w as a ch iev ed . The
s lo p e s  o f  the f lu m e  and e n e rg y  grad ien t w e r e  then id en t ica l .  This  s lope
fo r  ea ch  f lo w  is  shown in the top graph . The s e co n d  and th ird
graphs show the bed  shear  v e lo c i t y  U^ and the bed  f r i c t i o n  fa c to r
b
fb . T h e se  quantitites a re  the sam e as the shear  v e lo c i ty  and 
f r i c t io n  fa c to r  defined  and d is c u s s e d  in s e c t io n  1 .9  and 1 .7  excep t  
that a m a th em a tica l  p r o c e d u r e  has b een  app lied  to the va lues  f 
and u^ com p u ted  f r o m  the m e a s u r e d  depth, v e lo c i t y  and s lop e  to 
e lim inate  the e f fe c ts  of the sm ooth  w a lls  o f  the f lu m e .  Thus U,.4
and f b a re  the va lues  w h ich  w ould  e x is t  i f  the sam e f lo w  w e r e  in b
an in fin ite ly  w ide channel. The data shown in  f ig .  8. 1 a re  va lid  
only f o r  the stated depth, sand, and f lu m e  and are  not g e n e ra l ly
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F ig .  8. 1. Var ia t ion  of s lope ,  s, bed  f r i c t i o n  fa c to r ,  f b> and 
bed shear  ve lo c i ty ,  u^b> f o r  l a b o r a t o r y  e x p e r im e n ts  in a 
10. 5 - in ch  wide f lum e.
;
app l icab le .  T h ese  e x p e r im e n ts  have been  d i s c u s s e d  in detai l  by Vanoni 
and B r o o k s  ( re f .  8. 1).
The bed f r i c t i o n  fa c t o r  is seen  to d e c r e a s e  with in c r e a s in g  v e l o c i t y  
in the dune and sand wave r e g i m e s  and ach ieve  a n e a r ly  constant  value 
in the f lat  bed  r e g i m e .  Thus it appears  that at this depth the bed c o n ­
f igurat ion  with the g r e a te s t  r ough ness  is the dune pattern which  o c c u r s  
at low  v e lo c i ty .  As  the v e l o c i t y  is  in c r e a s e d  the dune pattern changes  
to r ed uce  the rough ness  and f r i c t i o n  f a c t o r .  F in a l ly  at h igher  v e l o c i t i e s  
the bed b e c o m e s  f lat  and the bed rough ness  is the i r r e d u c i b l e  m in im um .
As the v e l o c i t y  i n c r e a s e s  the c o n ce n tra t io n  o f  s ed im ent  in the 
fluid a lso  i n c r e a s e s  (data not shown here )  and this a lso  r e d u c e s  the 
f r i c t i o n  fa c to r  as was  d i s c u s s e d  in s e c t io n  2. 2. H o w e v e r ,  this e f fe c t  is 
s m a l l  c o m p a r e d  to the change in rough ness  due to the change in bed 
f o r m .
The im portant  point to note is that f o r  f l o w  o v e r  a flat bed, the 
f r i c t i o n  fa c to r  is only about on e -e ig h th  that f o r  f l o w  o v e r  the roughest  
dune bed. Thus the channel  roughness  is  not constant  as im p l ied  or  
stated in m any  texts .
This change in f r i c t i o n  f a c t o r  has a m a r k e d  e f fe c t  on the re la t ion  
between the v e l o c i t y  and s lope .  F lo w  f o r m u la s  such  as Manning 's  
(eq.  1. 15) and the D are  y - W e i s b a c h  (eq.  1. 16) indicate  that f o r  each  
depth and s lope  there  is  one and only one v e l o c i t y  if  the f r i c t i o n  fa c to r  
is constant .  H ow ever  f o r  the f lo w s  in the la b o r a t o r y  f lum e under 
d i s c u s s io n ,  the graph o f  s lope  v e r s u s  v e l o c i t y  indicates  that fo r  s o m e  
s lo p e s ,  two and p o s s i b l y  m o r e  v e l o c i t i e s  w e re  p o s s i b l e .  F o r  exam ple ,  
at a s lope  of 0. 0024, f l ow s  with v e l o c i t i e s  o f  0. 91 f t / s e c  and 1. 38 f t / s e c  
w e re  studied. The f itted curve  ind icates  that a f l ow  with a v e lo c i ty  of  
2. 14 f t / s e c  might  have a lso  been p o s s i b l e  with the s a m e  s lope .  The 
sed im ent  d i s c h a r g e s  f o r  the two f low s  studied at this s lope  w e re  0. 59 
l b / m i n  and 3. 8 l b / m i n  f o r  the low  v e lo c i t y  and high v e lo c i t y  f low,  
r e s p e c t iv e ly .  This  m ult ip l i c i ty  of  v e l o c i t y  with r e s p e c t  to s lope  is 
c a u s e d  by the d e c r e a s e  o f  the f r i c t i o n  fa c to r  which  a c c o m p a n ie s  i n c r e a s ­
ing v e l o c i t y  which  in turn is brought about p r i m a r i l y  by changes  in the 
bed con f igurat ion .  The deta i ls  of  the p r o c e s s e s  invo lved  in this
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change in f r i c t io n  fa c to r  are  not un d erstood  w e ll  enough to be p re d ic te d  
or  d e s c r ib e d  an a lytica lly .  In fa c t ,  the phenom enon  has r e c e iv e d  attention 
in the l i te ra tu re  on ly  in the la s t  few  y e a r s .
8 . 3. E xam p le  o f  V a r ia b le  R ou ghness ; F ie ld  D ata . T h ere  is  am ple e v i ­
dence  to p ro v e  that the va r ia b le  rou gh n ess  phenom enon d is c u s s e d  in 
se ct io n  8. 2 is  not ju st  a la b o r a to r y  c u r io s i t y  but ex is ts  in natural s tre a m s  
a lso .  F ig .  8. 2 (taken f r o m  r e f .  8. 1) shows data f r o m  the R io  Grande 
R iv e r  near B e rn a l i l lo ,  New M e x ic o  taken in 1952. The data w e re  taken 
during the p a ssa g e  o f  the spr in g  f lo o d  and extends f r o m  A p r i l  25 to 
July 24. S ect ion  F  is  lo ca te d  a p p ro x im a te ly  1-1/2 m i le s  dow n stream  
fr o m  se c t io n  A -2  and the r iv e r  is m u ch  w id e r  at this lo ca t io n .  The 
s lo p e , f r i c t io n  fa c to r ,  and D ^  (65% o f  the bed  m a te r ia l  is  f in e r  than this 
value) a re  shown fo r  each  point. The r iv e r  is v e r y  w ide so  the hydrau lic  
rad ius can be taken as equal to the depth. The sed im en t  d is ch a rg e  (data 
not g iven  h ere )  g e n e ra l ly  in c r e a s e d  with the unit d is ch a rg e  q but was 
not uniquely re la ted  to it. The sed im en t  d is ch a rg e  was g e n e ra l ly  h igher 
f o r  a g iven  value o f  q on the r is in g  stage than on the fa ll ing  stage.
F r o m  the data g iven  in f ig .  8. 2 it is  seen  that the f r i c t io n  fa c to r  at 
s e c t io n  A -2  v a r ie d  by a fa c to r  o f  o v e r  three  and at s e c t io n  F  by a fa c to r  
o f  s ix . T h ese  v a r ia t ion s  a re  m u ch  too  la rg e  to be accou n ted  fo r  by the 
r e la t iv e ly  sm a ll  changes  in the s iz e  of the bed m a te r ia l  w hich  o c c u r r e d .  
F ig .  8. 2 show s the sam e trend  of f r i c t io n  fa c to r  as the la b o r a to r y  data 
d is c u s s e d  in se ct io n  8. 2. The f r i c t io n  fa c to r  g e n e ra l ly  d e c r e a s e s  with 
in c r e a s in g  unit d is ch a rg e  (v e lo c ity )  and in c r e a s e s  with d e c re a s in g  unit 
d is c h a rg e .  H ow ev er ,  as shown in table 8. 1 the f r i c t io n  fa c to r  is not 
uniquely re la ted  to the unit d is c h a rg e  but apparently  depends a lso  on the 
sed im en t  d is ch a rg e .
Thus slight d i f f e r e n c e s  in unit d is ch a rg e  can  be a cco m p a n ie d  by 
r e la t iv e ly  la rg e  changes  in the f r i c t io n  fa c to r ,  the s m a l le r  f r i c t io n  
fa c to r  a ccom p a n y in g  the la r g e r  sed im en t  d is c h a r g e s .  T h ese  ob se rv a t io n s  
lend strength  to the c o n je c tu r e  put fo r th  in se c t io n  2.5 that the rou gh n ess  
o f  the channel adjusts  so  that the im p o se d  d is ch a rg e  and sed im ent load 
m ay  be a c co m o d a te d .
The v a r ia b i l i ty  o f  rou gh n ess  and its n on -u n iqu en ess  with r e s p e c t
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Fig .  8. 2. Var ia t ion  of  hydraul ic  rad ius ,  s lope ,  f r i c t i o n  
fa c to r ,  and bed m a te r ia l  s ize  with changing d i s c h a rg e  for  
Rio  Grande R iv e r  at B ern a l i l l o ,  New M e x i c o ,  A p r i l - J u ly  
1952.
Table  8. 1
Data f o r  the R io  Grande R iv e r  at B e r n a l i l l o ,  New M e x i c o
Suspended
Unit Hydraul ic  Tota l  F r i c t i o n  Load
D i s c h a r g e  Radius D is c h a r g e  V e lo c i t y  F a c t o r D i s c h a r g e  
q r=d Q U f
S ect ion  Date c f s / f t  ft  c fs f t / s e c  t o n s /d a y
A - 2 A p r i l  25 10 .4  2 .4 9  2820 4 . 1 4  0 .0 3 6  25 ,300
June 26 1 0 .4  2 .75  2800 3 .7 4  0 .0 4 0  7 ,070
F A p r i l  25 4 .4 1  1 .1 8  2820 3 .7 2  0 .0 1 8  21 ,600
July 24 3 .4 9  1 .5 8  2030 2 .2 0  0 .0 7 8  10 ,560
to d i s c h a rg e  is p ro b a b ly  r e s p o n s ib l e  f o r  d iscont inuous  rating c u r v e s  
o b s e r v e d  on m any  r i v e r s .  On these r i v e r s  the d i s c h a r g e  cannot be 
d e te rm in e d  f r o m  the stage s ince  o v e r  a c e r ta in  range of  stage  there 
are  d i f ferent  s tages  w h ich  w i l l  c o r r e s p o n d  to the sam e  d i s c h a rg e  at 
d i f ferent  t im e s .  The data f r o m  the R io  Grande given in table  8. 1 
indicate  that it might have such  a rating c u r v e .  At station A - 2  f o r  
n e ar ly  ident ica l  d i s c h a r g e s  the depths on d i f ferent  days  w e r e  2 .49  ft 
and 2. 75 ft. B r u c e  C o lb y  ( r e f .  8. 2) has d e s c r i b e d  in detai l  his o b s e r ­
vations and m e a s u r e m e n t  of  such  s t r e a m s .  He too  attributes the 
d iscont inu ity  to rough ness  changes .
8 . 4 .  Est im at ing  Channel R ou ghness .  The rough ness  of an al luvial 
channel  ( o r  the f r i c t i o n  fa c to r  of  the flow) m a y  be  d e te r m in e d  by a 
p r o c e d u r e  p r o p o s e d  by E inste in  and B a r b a r o s s a  ( re f .  8. 3) once  the 
d i s c h a r g e ,  bed m a te r ia l  p r o p e r t i e s ,  channel  g e o m e t r y ,  and s lope are  
known. Data f r o m  natural s t r e a m s  w e r e  used  to d e te rm in e  the r e l a t i o n ­
ship between  the d e r iv e d  d im e n s io n le s s  quantities .  H o w e v e r ,  the 
d er iva t ion  of  s o m e  o f  the quantities w hich  enter  into the ana lys is  is 
rather  invo lved  and the p h ys ica l  s ign i f i ca n ce  of  these quantities  is s o m e ­
what o b s c u r e .  By this p r o c e d u r e  it is p o s s ib l e  to c o n s tr u c t  a depth-  
d i s c h a rg e  c u r v e  (rating cu rve )  f o r  a s t r e a m  when the quantities 
m ent ioned  above  are  known. F o r  s o m e  s t r e a m s  the p r e d i c t e d  depth-  
d i s c h a r g e  re la t ions  are  f a i r ly  a c c u r a te ,  but in other in s tan ces ,  the 
p r o c e d u r e  w i l l  y ie ld  a re la t io n  w h ich  is not n e a r ly  a c cu ra te  enough f o r
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en g in eer in g  app lica tion . The big  d iff icu lty  is  that there  is  no way to 
d e te rm in e  be fo reh an d  if the p r o c e d u r e  w il l  y ie ld  the r e q u ir e d  a c c u r a c y .  
The re su lts  o f  ca lcu la t ion s  using this p r o c e d u r e  should be v iew ed  with 
this in m ind . (See F ig .  7 .1 ,  7. Z and 7 . 3 . )
B e ca u se  m ethods  o f  ca lcu la t io n s  a re  im p e r fe c t  the en g in eer  is  
f o r c e d  to r e ly  on his e x p e r ie n c e  and judgm en t o r  on e m p ir i c a l  a p p r o a c h ­
es such  as r e g im e  th eory  (s e e  Chapter 10) in es t im atin g  the rough ness  
o f  a s tre a m  f o r  w hich  no m e a s u r e d  va lues  are  a v a ilab le .  H ow ever  if  
such  data are  ava ilab le  fo r  the s tre a m  fo r  con d it ions  c o m p a ra b le  to 
those  f o r  w h ich  the f r i c t io n  fa c to r  is  d e s ir e d ,  this data should be used  
in p r e fe r e n c e  to va lues  com pu ted  f r o m  the E in s t e in - B a r b a r o s s a  
m ethod .
R e fe r e n c e s :
8 . 1. Vanoni, V ito  A . , and B r o o k s ,  N orm an  H. , "L a b o r a t o r y  Studies 
o f  the R ou gh n ess  and Suspended Load  of A llu v ia l S t r e a m s " ,  
S ed im entation  L a b o r a to ry ,  C a l i fo rn ia  Institute o f  T ech n o log y ,  
P asadena , C a lif .  , R e p o r t  No. E -6 8 ,  D e c e m b e r  1957.
8 . 2. C o lby , B ru ce  R. , "D iscon tin u ou s  Rating C u rv e s  fo r  P ig e o n
R o o s t  and Cuffaw a C r e e k s  in N orth ern  M is s i s s ip p i " ,  U. S. Dept, 
o f  A g r icu ltu re ,  A g r icu ltu ra l  R e s e a r c h  S e r v ic e  P u b lica t io n  ARS 
4 -1 3 6 ,  A p r i l  I960.
8 . 3. E in ste in , Hans A . ,  and B a r b a r o s s a ,  N ico la s  L. , " R iv e r  Channel 
R o u g h n e s s " ,  T r a n s .  A . S . C . E . ,  V o l .  117, 1952. pp 1121-1146.
8 . 4. Liu, H sin -K u on  and Hwang, S h o i-Y a n , " D is c h a r g e  F o r m u la s  fo r
Straight A llu v ia l  C h an n e ls " ,  J. of Hyd. D iv. , A. S . C . E . ,  Nov. 1959, 
pp 65 -9 7 .
P r o b le m :  -
8 . 1 C a lcu late  M annings n (eq . 1 . 15)  and the D a r c y -W e is b a c h  f 
(eq . 1 . 16)  f r o m  the la b o r a to r y  data obtained f o r  f low s  with the fo l low in g  
bed co n f ig u ra t io n s :
1) F la t  bed  with in c ip ien t  sed im en t  m o t io n .
2) Dune c o v e r e d  bed.
3) F lat bed  with high sed im en t  tra n sp o r t  ra te .
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C H A P TE R  9 - PR IN C IP L E S  OF CH ANNEL S T A B IL IT Y
9. 1. In trod u ct ion . A b r ie f  d e s c r ip t io n  of gen era l  id eas  on alluvial 
channel stab ility  w il l  be p re se n te d  in this ch ap ter . No attem pt is  m ade 
to p rov id e  all w ork in g  too ls  b eca u se  they a re  ava ilab le  in detail in other 
pub lica t ion s .  (See r e fe r e n c e  l is t  at end o f  ch ap ter , e s p e c ia l ly  9. 1, 9. 2 
and 9 . 3 . )  D is c u s s io n  o f  r e g im e  th e o ry  and s im ila r  e m p ir i c a l  re la t ion s  
is  '  d e fe r r e d  to Chapter 10.
9. 2. D efin ition  o f  Stable Channel. A stable  channel in a lluvia l m a te r ia l  
is  one in w hich  s co u r  o f  banks and changes  in a lignm ent do not o c c u r ,  
and d e p o s it io n  or  s co u r  at the bed, i f  it o c c u r s ,  is  not o b je c t ion a b le .
This d e fin ition  a llow s  som e  changes  in bed during short  p e r io d s  o f  t im e, 
p ro v id e d  that o v e r  a p e r io d  of y e a rs  there  is  gen era l  equ ilib r iu m  o f  the 
bed.
9 - 3 .  B a s ic  R e q u ir e m e n ts .
(a) O vera l l .  A stable channel m ust co n v e y  both the w ater  and sed im ent 
d is c h a r g e s  w hich  are  d e l iv e r e d  into it. In the long run, r iv e r s  are  s e l f -  
adjusting in this r e g a rd ,  as the g e n e ra l  shape o f  a v a l le y  landscape  is  
g e n e ra l ly  such  that the w ater  and sed im ent tra n s p o r t  are  rough ly  in 
balance  in ea ch  channel. Any g r o s s  unbalance w ould  be qu ick ly  r e f le c te d  
in aggradation  o r  degradation . A  s tre a m  in this kind o f  ba lance  is 
c a l le d  a graded  s tream  (r e f .  9- 8).
(b) L o ca l .  O v e ra l l  ba lance  betw een  w ater  f lo w  and sed im en t  load is 
n e c e s s a r y ,  but not su ff ic ien t ,  as there  m ay be lo c a l  s co u r  at one point 
and d ep os it ion  at another. On a m ea n d er in g  natural s tream  the outside 
bank o f  a s tre a m  is e ro d e d  by lo c a l ly  high v e lo c i t ie s  near the bank, at 
the sam e tim e d ep os it ion  on b a rs  occurs  cn the inside bank. Even graded  
s tre a m s  m ay  thus be unstable in this r e g a r d  and r e q u ire  a r t i f ic ia l  bank 
p ro te c t io n  (re v e tm e n ts  or  g ro in s ) .  Canals m ust be la id  out with 
suitable w idth -depth  ra t ios  and s id e - s l o p e s  to avoid  s e r io u s  bank e r o s io n .
9 . 4 .  S tream  V a r ia b le s  f o r  O v e ra l l  S ta b il ity . F i r s t  c o n s id e r  the 
p ro b le m  of o v e r a l l  ba lance  without r e g a r d  to lo c a l  e r o s io n  w hich w ill  
be d is c u s s e d  in a la ter  sect ion .
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F o r  canals  o r  s t r e a m s  transpor t ing  v e r y  li ttle o r  no sed im ent  
(except  w ash  load),  the com pu ted  shear  s t r e s s  on the bed  should be l e s s  
than the c r i t i c a l  shear  f o r  the bed m a te r ia l  ( see  Chapter  4).  This s o -  
ca l l e d  analys is  by " l im it in g  t rac t ive  f o r c e "  ( re f .  9. 3) is p r e f e r r e d  to 
analys is  by " l im it ing  v e l o c i t y "  ( re f .  9 -9 )  b e c a u s e  the l im it ing  v e lo c i ty  
v a r i e s  c o n s id e r a b ly  with the s i z e  of  the channel.  S cour  of  the banks is 
a s p e c ia l  p r o b le m  c o n s i d e r e d  in s e c t io n s  9- 8 and 9. 9 be low .
As shown in f ig .  9- 1, Lane ( re f .  9. 3) suggests  va lues  of  l im it ing
tract ive  f o r c e  (i. e. bed shear  s t r e s s )  w hich  are  c o n s id e r a b ly  g re a te r
than c r i t i c a l  shear  va lues  as com pu ted  by Shields or  White f o r  sand and
fine grav e l .  F o r  exam ple  f o r  1. 0 - m m  bed  m a te r ia l  in a canal  c a r r y in g2
c l e a r  water ,  Lane suggests  T = 190 g r / m  , w h e r e a s  S h ie ld s ' curve ^ m 3.5c
y ie lds  Tc = 57 g r / m  . In the w r i t e r ' s  opinion this d i s c r e p a n c y  is due to 
p r e s e n c e  of  bed  fea tures  such  as r ip p le s  and dunes at n e a r - c r i t i c a l  
condit ions  in con tras t  to f lat beds  used  in S h ie ld s '  and W hite 's  e x p e r i ­
m ents .  Thus f o r  d es ig n  L a n e 's  va lues  are  p ro b a b ly  m o r e  reason ab le  
than W hite 's  o r  S h ie lds ' .  H ow ev er ,  it should be noted that Lane obtained 
his va lues ,  not by d i r e c t  o b s e r v a t io n s ,  but by ca lcu lat ing  back w ard  f r o m  
va r iou s  publ ished  r e c o m m e n d a t i o n s  f o r  l im it ing  ve lo c i ty .
F ig .  9- 1 f r o m  Lane a l s o  shows a v a r ie ty  o f  r e c o m m e n d a t io n s  f r o m  
d i f ferent  s o u r c e s  f o r  d i f ferent  cond it ions .  The d iv e r s i ty  of  c u r v e s  g ives  
an indicat ion  of  the la rg e  m a r g in  of e r r o r  p o s s ib l e  in ana lys is  o f  stable 
channels .
When the b e d - m a t e r i a l  load is  ap p re c ia b le  the p r o b le m  b e c o m e s  
m o r e  co m p l i c a te d .  The hydraul ic  c h a r a c t e r i s t i c s  of  the channel  m ust  
p rov id e  a t ran spor t  cap ac i ty  c o m m e n s u r a t e  with the sed im ent  load 
supplied to the s t re a m .  But s ince  we have seen  in Chapter  8 that channel 
roughness  is in t im ate ly  re la ted  to t ran spor t  o f  sediment ,  the hydraul ic  
c h a r a c t e r i s t i c s  cannot be taken as f ixed  or  known quantities which  m ay  
be d i r e c t ly  applied in sed im ent  t ra n sp o r t  ca lcu la t ion s .  T h e re  is what 
might  be c a l l e d  feedback ,  b e c a u s e  it is the s e d i m e n t - c a r r y i n g  r e q u i r e ­
m ent  that m a y  f ix  the s tre am  hy drau l i cs  f o r  g iven d i s c h a r g e  instead of 
v i c e  v e r s a .  At the p re se n t  t ime,  this whole  p r o b le m  is not thoroughly  
understood ,  and the d e s ig n e r  m ay  find h i m s e l f  in as m uch  of  a quandary
9 - 2
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Fig .  9. 1 R e c o m m e n d e d  l im it ing  t ract ive  f o r c e s  (or  
shear  s t r e s s e s )  f o r  canals  (a fter  Lane, 
r e f .  9 . 3 ,  p. 1253).
as the re se a rc h e r . '
T o  understand the re la t ion sh ip s  it is  helpfu l to c o n s id e r  even the 
s im p le s t  p o s s ib le  c a s e :  a stra ight channel to be built in un iform  non- 
c o h e s iv e  a lluv ium . The m a jo r  v a r ia b le s  a re  as fo l lo w s :
S = s lope
d = m ean  depth (a ssu m e  hydr. rad ius  as in w ide channel)
w = width of channel
V = m ean  v e lo c i ty
Q = d is ch a rg e
Q s = sed im ent d is ch a rg e
f = f r i c t io n  fa c to r
D = m ean  sed im en t  s iz e .
N eg lected  are  v a r ia b le s  such  as the shape o f  c r o s s  se c t io n ,  w ater 
tem p era tu re  and v i s c o s i t y ,  g e o m e tr ic  standard d ev ia tion  o f  sed im ent, 
shape fa c to r  and fa l l  v e lo c i t y  o f  sed im ent, w a s h - lo a d  co n ce n tra t io n ,  f l o w -  
duration  cu rv e ,  h yd rog ra p h  c h a r a c t e r i s t i c s ,  s trea m  cu rva tu re ,  e tc .  
Although o b v io u s ly  pertinent, there  is no way o f  handling them a n a ly t i­
c a l ly  by p re se n t  m eth od s .  N e v e r th e le s s ,  the id e a l iz e d  p ro b le m  is  s till  
in s tru ct iv e .
T h ere  a re  eight v a r ia b le s  above sa t is fy in g  f iv e  equations or  
functional re la t ion sh ip s  as fo l lo w s :
C ontinuity :
Q = V w d (9-1)
F lo w  equation , defin ing f  o r  n:
V , { f  d ^ s V *  (9 .2 )
Equation fo r  f  o r  n:
f  o r  n = function  of other v a r ia b le s  (9- 3)
(su ch  as in E in s t e in -B a r b a r o s s a  an a lys is ,  Ch. 8)
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Sedim ent tra n sp o r t  equation :
Q g = function  o f  h ydrau lic  v a r ia b le s  (9 -4 )
( such  as b e d - lo a d  fo rm u la s  in C hapters  6 and 7)
R ela tion  o f  width to depth :
=j- = function  o f  other v a r ia b le s  (9. 5)
F o r  the la st  equation , there  is  no g e n e ra l  th eory  (although a la ter  se c t io n  
w ill  d is c u s s  s co u r  o f  banks); one m ust r e ly  on o b s e rv a t io n s  su m m a riz e d  
e m p ir i c a l ly  as in r e g im e  th eory ,  o r  by L e o p o ld  and M ad d ock  (see  
Chapter 10). S edim ent t ra n sp o r t  equations are  a lm o s t  u n iv e rsa l ly  fo r  
tw o -d im e n s io n a l  f lo w  ( i . e .  per  unit o f  width),
9- 5. Solution  o f  Equations f o r  O v e ra l l  S tab il ity . With the f iv e  re la t io n s ,  
eqs . 9- 1 to 9- 5, on ly  three v a r ia b le s  m ay  be c o n s id e r e d  independent, and 
f ive  m ust be dependent. The d e s ig n e r  in his an a lys is  can  s p e c i fy  three 
v a r ia b le s  such  as D, Q and S; o r  perhaps  D, Q and Q g . In this way 
we a rr iv e  at the p a ra d o x  o f  w hich  v a r ia b le s  a re  r e a l ly  independent; 
b a s ic a l ly  p rob a b ly  none a re .  F o r  instance , g e o lo g ic a l ly  speaking g ra in  
s ize  is  c e r ta in ly  dependent on w a tersh ed  c h a r a c t e r i s t i c s ,  including 
hydrau lic  on es .
The p ro b le m  of w hether a v a r ia b le  is  independent or  dependent is 
not just  an a ca d e m ic  question , b e ca u se  fo r  s o m e  c h o ic e s  o f  independent 
v a r ia b le s  (su ch  as D, d, S) there  is  m o r e  than one so lu tion , o r  perhaps 
none at all f o r  the rem ain in g  v a r ia b le s .  This fa c t  is  in d ica ted  by l a b o r a ­
to ry  re su lts  as w ell  as f ie ld  data, but in tra n sp o r t  and rough ness  equations 
it is usually  o b s c u r e d  in the " g e n e r o u s "  s ca tte r  o f  points ( r e f s .  9. 12,
9. 13). It is  l ik e ly ,  f o r  exa m p le ,  that the s e d im e n t -ra t in g  cu rve  and 
f lo w -r a t in g  c u r v e s  are  not unique fo r  s o m e  s tre a m s  with rap id ly  
changing channel rou gh n ess ;  in these c a s e s  the " c u r v e s "  m a y  be "b a n d s "  
of s o m e  c o n s id e r a b le  width, with s ca tte r  o f  points not being due to 
o b se rv a t io n a l  e r r o r s  but to r e a l  v a r ia t io n s .  F o r  fu rth er  d is c u s s io n  see  
Chapter 8.
A c o n c r e te  su ggestion  fo r  the d e s ig n e r  is  to seek  f r o m  the va r io u s
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equations, by t r i a l - a n d - e r r o r  i f  n e c e s s a r y ,  com b in ation s  o f  v a r ia b le s  
w h ich  se e m  co n s is te n t  and re a so n a b le  co n s id e r in g  the w hole  range o f  
natural f lo w s .  S ev e ra l  d if fe ren t  a p p ro a ch e s  should be t r ie d  and c o m ­
p ared . It is  n e c e s s a r y  to depend heav ily  on e x p e r ie n c e ,  and in c a s e  
com pu ted  re su lts  are  at v a r ia n ce  with f ie ld  e x p e r ie n c e s ,  the equations 
should p rob a b ly  be c o n s id e r e d  l e s s  r e l ia b le  than the f ie ld  o b s e rv a t io n s .
U nfortunately, at the p re se n t  state o f  know ledge o f  m e ch a n ics  of 
tran sp ort ,  channel stab ility  p r o b le m s  invo lv ing  o v e r a l l  t ra n sp ort  
r e la t ion s  cannot be s o lv e d  with high co n f id e n ce  without co n f irm a t io n  by 
va r iou s  e m p ir ic a l  fo rm u la s  based  on o b s e r v a t io n s  o f  ex ist ing  s tre a m s  
and canals  ( r e g im e  th eory ,  e t c . ,  d e s c r ib e d  in Chapter 10).
9- 6. Continuity P r in c ip le  f o r  S ed im en t . D ep a rtu res  f r o m  o v e ra l l
stability  m ay  be c o n s id e r e d  as s to ra g e  o r  dep le t ion  o f  sed im ent in a
given re a ch ,  i . e .  , n o n -u n ifo rm  f lo w  of  sed im ent in the channel. If the
re a c h  has an equ il ib r iu m  sed im ent d is ch a rg e  o f  G ge and the actual
sed im ent d is ch a rg e  entering  the r e a c h  is G>s , the s tre a m  w ill  try  to
adjust Q to Q Both the actual rate  o f  t ra n sp o r t  Q and the equ i-  s s e s
lib r iu m  rate Q ge w il l  change, but they w il l  tend to a p p roa ch  ea ch  other.
Thus i f  Q <  Q , the s tre a m  is  " s t a r v e d "  and d egrad ation  o c c u r s  s se
to supply the m a te r ia l  r e q u ire d  f o r  an in c r e a s e  in Q g . At the sam e t im e ,
h ow ever ,  the bed  m ay  b e c o m e  c o a r s e r  o r  even  a r m o r e d  by dep letion  of
f in e r  f r a c t io n s ,  and the rou gh n ess  and the depth w ill  p ro b a b ly  in c r e a s e :
a ll these  events  w il l  tend to red u ce  Q in the d ir e c t io n  o f  Q . Thisse s
o c c u r s  f o r  exam ple  d ow n stream  f r o m  a dam w h ich  cuts o f f  the n orm a l 
f low  of sed im ent.
C o n v e r s e ly ,  when Q >  Q , sed im en t  is  s to re d  in the reach , 
causing  aggradation , as u p stream  f r o m  a r e s e r v o i r  w h ere  G ge is  
d e c r e a s e d  in the backw ater  zone .
T h ere  are  m any exa m p le s  o f  r iv e r  en g in eer in g  p r o b le m s  ca u se d  by 
n o n -u n ifo rm  sed im en t  tra n sp o r t .  They  m ay  be rough ly  c a te g o r iz e d  as 
f o l l o w s :
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Q s >  Q se (D epos ition )
1. A ggrad ation  u p stream  f r o m  a r e s e r v o i r .
2. Sedim entation  in r e s e r v o i r s  and lak es .
3. T r ib u ta ry  channel br ing ing  heavy sed im ent load  to m ain  channel, 
cau s in g  lo c a l  aggradation .
4. Canyon s tr e a m s  d is ch a rg in g  on a lluv ia l fans , cau s in g  w id e ­
sp re a d  d ep os it ion  (as  in L o s  A n ge les  area ) .
5. D es ilt in g  w ork s  at w ater  intakes return ing  all sed im en t  load  to 
m ain  channel in w h ich  f lo w  of  w ater  is  dep leted  (e . g. Im p e r ia l  
D a m ) .
6 . R iv e r  regu la tion  e l im in a tes  f lo o d s  w hich  f o r m e r l y  p e r io d ic a l ly  
c le a r e d  channel o f  a ccu m u lated  sed im en t  and vegetation  ( e .g .  
C o lo r a d o  R iv e r  at N e e d le s ) .
Q <C Q (Scour) s se  ' '
1. D egrad ation  d ow n stream  f r o m  d am s.
2. Canals in too fine  m a te r ia l  c a r r y in g  c le a r  w ater .
3. R ea ligned  chann els ,  with in c r e a s e d  s lop e .
9. 7. Bank S tab ility . Attention w il l  now be d ir e c te d  to p r o b le m s  o f  lo c a l  
s tab ility .  T h ese  are  s ituations w h ere  lo c a l  e r o s io n  m ay  o c c u r ,  although 
the total tra n sp ort  in the channel is  in g e n e ra l  eq u il ib r iu m . M ateria l 
m ay  be e ro d e d  f r o m  unstable banks but d ep os ited  on the bed, thus 
e ffec t in g  a change in c r o s s  s e c t io n  or  a lignm ent.
Channel banks m ay  be dam aged  b a s ic a l ly  in two w ays :  (1) d ir e c t  
r e m o v a l  o f  m a te r ia l  at the su r fa ce  by s c o u r ;  and (2) in terna l shear 
fa i lu re s  resu lt in g  in sudden cav in g , s lid ing , o r  s loughing o f  la rge  bod ies  
o f  earth . Such shear  fa i lu r e s  m ay  be ca u se d  by s u r fa ce  e r o s io n  at the 
toe o f  s lo p e ,  g e n e ra l  bed degradation , e x c e s s iv e  saturation  o f  bank at 
low  w ater ,  s lope  angle being too  s teep , o r  earthquake.
When exam in ing  dam aged  banks in the f ie ld  it is n e c e s s a r y  to m ake 
the d ist in ct ion  betw een  s co u r  and shear  fa i lu r e ,  f o r  the treatm ent is 
d ifferen t .  If s co u r  is  the p r o b le m  then p ro te c t iv e  m e a s u r e s  such as 
g ro in s ,  reve tm en ts  o r  vegeta t ion  c o v e r  are  needed  to keep f lo w  with 
s co u r in g  v e lo c i t y  sa fe ly  away f r o m  the bank m a te r ia l  ( r e f .  9 -4 ) .  On the 
other hand, if  s l id in g  is  the p r o b le m ,  the em bankm ent s lope  should be
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red u ced , o r  an in term ed ia te  b e rm  m ight be p ro v id e d  to in c r e a s e  
stability ; o r  the s o i l  can  be c o m p a c te d  to im p ro v e  sh ear  strength ; o r  
dra inage  can  be im p ro v e d  to red u ce  seep a g e  p r e s s u r e s  fo l lo w in g  rapid  
draw dow n ( i . e .  reve tm en ts  should be p e r v io u s ) .  M ethods o f  so i l  
m e c h a n ic s ,  not r e v ie w e d  h e re ,  are  u t i l ized  f o r  evaulating stab ility  of 
s lo p e s  against internal s l ip s .
The d is c u s s io n  w hich  fo l lo w s  is  c o n c e r n e d  only with the su r fa ce  
s co u r  a sp e ct  o f  bank stab ility .  Of n e c e s s i t y  it is  a ls o  l im ited  to c o h e s io n ­
le s s  m a te r ia ls ,  as on ly  e m p ir i c a l  in fo rm a tio n  is ava ilab le  on s co u r  o f  
c o h e s iv e  banks (se e  Chapter 10).
9- 8. C r it ic a l  Shear S tre ss  on S loping Banks. When p a r t ic le s  are  
rest in g  on a s lo p e ,  it takes le s s  shear  to d is lo d g e  them , in asm u ch  as 
there  is  a downhill com p on en t  o f  the w eight o f  the g ra in .  In fa c t  when 
the s lope  o f  a sand or  g r a v e l  p ile  r e a c h e s  9, the angle o f  r e p o s e ,  the 
g ra v ity  f o r c e  alone on e a ch  p a r t ic le  is  su ff ic ien t  to send it tum bling down 
the s lo p e .  C le a r ly  then to p rov id e  substantial p a r t ic le  r e s is ta n c e  to the 
f low ing  w ater ,  the s ide s lope  /  m ust  be le s s  than the angle o f  r e p o s e .
E. W. Lane ( r e f s .  9. 1, 9 .3 )  has p re se n te d  an ingen ious  ana lys is  
o f  c r i t i c a l  shear  on s ide  s lo p e s ,  using the fa c to r  K, w h ich  is  defined  
f o r  a given  gra in  s iz e  as
T on side s lope  
~ £
T on flat  bed c
By an a lys is  of f o r c e s  on the p a r t i c le s ,  Lane and o th ers  ( r e f s .  9 . 1 ,  9. 3)
show that ___________/ . 2 , 1
K = c o s  0 A 1 -------- y----
V tan 9
w h ere  /  = angle of s ide  s lope  
and 9 = angle o f  r e p o s e .
This equation is  shown g ra p h ica l ly  in f ig .  9 . 2 .  Note that K->*0 as 
/  ~>-6, and K —>1 as / —>0,  as exp ected .
E x p e r im e n ta lly  d e te rm in e d  va lues  of the angle o f  r e p o s e  9 fo r  
va r io u s  m a te r ia ls  are  g iven  in f ig .  9 .4  f r o m  Sim ons ( r e f .  9- 1). 9 is
seen  to be la r g e r  f o r  m o r e  angular m a te r ia l  and 9 a lw ays in c r e a s e s
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gra d u a lly  with g ra in  s iz e .
H ence fo r  a g iv en  m a te r ia l, the d e s ig n e r  es tim a te s  0 , s e le c ts  
s ide  s lo p e , rea d s  K fr o m  fig . 9. 2; then he com p u tes  x  f o r  a
fla t bed  (se e  C hapter 4 o r  f ig .  9. 1). F in a lly  the p ro d u ct  K t c> the 
c r i t ic a l  sh ea r  f o r  the s ide  s lo p e , i s  c o m p a re d  w ith a ctu a l sh ea r  on 
the s ide  w a lls , to see  i f  any g ra in s  w ill m o v e . But the sh ea r  on the 
s ide  w a lls  under g iven  flo w  con d ition s  is  not r e a d ily  known and m ust 
be es tim a ted  as exp la in ed  in  the next s e c t io n .
9. 9 S hear D istribu tion  in  C h annels. T h ere  is  no r e a lly  s a t is fa c to r y  
so lu tion  to  the p ro b le m  o f d eterm in in g  the v a r ia tio n  o f  sh ea r  s tr e s s  
around the boun dary  o f  an open  ch an n el. The on ly  a n a ly s is  known to 
the w r ite rs  is  by  O lsen  and F lo r e y  ( r e f .  9. 15, a ls o  r e f .  9. 3, p . 1241- 
3) using a d iffe re n tia l equation  w h ich  is  s im p le  enough to be s o lv a b le , 
but not p ro v e n  to r e p re s e n t  the g iven  p h y s ica l p r o b le m . In the 
a b sen ce  o f  a m o r e  r e lia b le  p r o ce d u r e  th ese  r e su lts  (se e  f ig . 9. 3) 
m ay  be u sed , as the p o s s ib le  e r r o r s  a re  not s o  m u ch  as in  oth er 
steps o f d es ig n  o f  stab le  ch a n n e ls . T h is fig u re  sh ow s, fo r  e x a m p le , 
that as a tra p e zo id a l can a l b e c o m e s  w ide , the bottom  sh ea r  in  the 
ce n te r  w h ere  it is  a m a x im u m  a p p ro a ch e s  1 .0 0  ydS (as it  should  
fo r  a tw o -d im e n s io n a l ch an n el); and fo r  the m axim u m  sh ea r  on the 
s id e s , the c u r v e s  show  0 .7 5  to 0 .8 0  ydS fo r  w ide ca n a ls  (w h ere  
y = unit w eight o f  w a ter, d = depth, and S = s lo p e ) .
W ith the a ids in  se ct io n s  9. 8 and 9. 9, one can  a ls o  d es ig n  a 
lo o s e  r o c k  reve tm en t, as w e ll as banks in n o n -c o h e s iv e  natural 
m a te r ia l.
9. 10 C u rv e s . F o r  a cu rv in g  chann el, th ere  is  m o r e  dan ger o f  s c o u r ­
ing the banks b eca u se  the th read  o f  the cu rre n t  sw eep s c lo s e  to the 
ou tside  bank o f  a c u r v e . Lane has g iv en  so m e  e m p ir ic a l  e s tim a te s  
on red u ction  o f  p e r m is s ib le  tra c tiv e  f o r c e  to p r o te c t  c u r v e s  w hich  
a re  re p ro d u ce d  b e lo w  in  table 9. 1.
N e v e r th e le s s , it  is  d e s ir a b le  to m ake can a ls  and re a lig n e d  
r iv e r  chann els with s ligh t cu rv a tu re  to co n ce n tra te  the m ain  cu rre n t  
o f  the r iv e r .*  W hile s p e c ia l  bank p r o te c t io n  m ay  be n eed ed  on the 
d ow n stream  p a rt o f  ou ts ide  c u r v e s , the reve tm en t re q u ire m e n ts  on 
* E xam ination  o f  a e r ia l p h otograph s o f  the natural r iv e r  w ill p ro v id e  
c lu e s  to the m ax im u m  rad ius o f cu rv a tu re  at w hich  the s trea m  
m aintains a w e ll d efin ed  chann el.
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F ig .  9 .2  R e la tion  K to /  , angle of s ide  s lo p e ,  and 
8 , angle of r e p o se  of c o h e s io n le s s  bank 
m a te r ia l .  (K is  the ra t io  o f  c r i t i c a l  shear 
on a side s lope  to what it would be fo r  the sam e 
m a te r ia l  on the b e d .)  (a fter  Lane, r e f .  9. 3, 
p. 1245).
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F ig .  9. 3 M ax im u m  shear  s t r e s s e s  on s id es  and bottom  
o f  a channel (a fter  L ane, r e f .  9 .3 ,  p. 1241, 
based  on so lution  o f  ap p rox im ate  id e a l iz e d  
equations).  Note: In this f igu re  w = unit weight; 
y  = depth; Sq = en ergy  s lop e ;  b = width.
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F ig .  9 . 4  Angle  of  r e p o s e  of  n o n - c o h e s i v e  m a te r ia l s  
(after  S im ons ,  re f .  9 . 1 ,  p. 25).
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T able  9. 1
C o m p a r iso n  o f  P e r m is s ib le  T ra c t iv e  F o r c e s  in  Sinuous C anals with 
P e r m is s ib le  V alues in  S tra ight C anals
C o rresp on d in g
R e la tiv e  lim itin g  R ela tive , lim itin g
D e g ree  o f  s in u ou sity  tra c tiv e  f o r c e ________________ v e lo c ity ________
Straight can a ls  -  - -  - -  -  1 .0 0  1 .0 0
S ligh tly  sinuous can a ls  -  -  0. 90 0. 95
M o d e ra te ly  sinuous can a ls  0 .7  5 0 . 87
V e r y  sinuous can a ls  -  -  -  0 .6 0  0 .7 8
a ll the r e s t  o f  the bank m ay be c o m p le te ly  e lim in a ted , as is  o ften  
found on the M is s o u r i  R iv e r .
9. 11 L o c a l  S cou r  Due to S tru ctu re s . M a n -m a d e  s tru c tu re s  m ay 
ca u se  lo c a l iz e d  s co u r  w h ich  shou ld  be d istin g u ish ed  fr o m  g e n e ra l 
d egra d a tion  due to in terru p tion  o f  the sed im en t supply .
(a) C on tra ction s  su ch  as b r id g e  op e n in g s . A t b r id g e s  the flo w  
v e lo c ity  m ay  be in c r e a s e d  due to re d u ce d  c r o s s - s e c t io n ,  cau sin g  
lo c a l  s c o u r .  E s p e c ia lly  around  b r id g e  p ie r s  s co u r  m ay  be p ron ou n ced  
due to a c c e le r a t io n  o f  the flo w  p a st the n ose  o f  the p ie r ,  and tu rbu l­
en ce  in  wake o f  p ie r  ( see  r e f .  9. 14 and 9. 16).
(b) E n erg y  d is s ip a to r s . E v e ry  sp illw a y  and d rop  s tru ctu re  m u st be 
equ ipped  w ith an adequate s tillin g  b a s in  w ithin w hich  to d iss ip a te  
the e n e rg y  b e fo r e  the turbulent f lo w  is  r e le a s e d  onto an a llu v ia l bed . 
The d esig n  o f  such  s tru c tu re s  to av o id  s co u r  can  be s u c c e s s fu lly  
a c co m p lis h e d  w ith h y d ra u lic  m o d e ls  o r  g e n e ra liz e d  la b o ra to ry  
stu d ies  ( fo r  e x a m p le , r e f .  9 . 11 ) .  T h ere  is  e x te n s iv e  l ite ra tu re  on 
d is s ip a to r s , and no attem pt is  m ade to c o v e r  the s u b je c t  h ere in .
N e v e r th e le s s , an app aren tly  w e ll-d e s ig n e d  stillin g  b a s in  m ay 
s t ill  fa il  by being un derm in ed  in the p r o c e s s  o f  g e n e ra l channel 
d egrad ation  w h e re v e r  the supply o f  sed im en t in  the s tre a m  is  re d u ce d . 
Thus stillin g  b a s in s  m u st be b u ilt  lo w  enough to w ithstand any 
an ticip ated  d egrad ation .
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P r o b l e m : -
9 . 1 A reve tm en t  o f  l o o s e  c ru sh e d  r o c k  is  to be built on the outside o f  
a bend on a m ea n d er in g  s trea m  ( c o n s id e r  "m o d e ra te ly  s in u ou s") .
The fo l low in g  data a re  known fo r  d es ig n  flow :
Q = d is c h a rg e  = 300 c fs  
w = a v era g e  width 40 ft 
d = m ean  depth = 2 ft 
n = Manning rou gh n ess  = 0 .0 2 5
Using la n e 's  ana lys is  s e le c t  a s ide s lope  and m ean s iz e  o f  revetm en t 
ro ck .
C H A P TE R  10 -  REGIM E OF CHANNELS
10. 1. In tro d u ct io n .  The p r e ce d in g  ch a p ters  have p re se n te d  and 
d is c u s s e d  analytic  and s e m i-a n a ly t ic  m ethods  f o r  d e term in in g  the 
v a r io u s  quantities needed  to d es ig n  o r  analyze  an a lluv ia l channel. With 
the p o s s ib le  ex ce p t io n  o f  the equation  f o r  p re d ic t in g  the d istr ibu tion  of 
suspended  loa d  (eq . 5 . 1 ) ,  re la t ion s  have e ither  been  inadequate or  
u n re liab le  f o r  g e n era l  ap p lica tion  and have p ro v id e d  the en g in eer  who 
m ust design  or  analyze  a lluv ia l channels  with few  usable  t o o ls .  A nother  
a p p roa ch  to the p r o b le m  is to put as ide  the analytic  a p p roa ch , adopt the 
p h ilosoph y  that nothing s u c ce e d s  like  s u c c e s s ,  and then study what 
con stitu tes  s u c c e s s  in a lluv ia l chann els .  To this end, n u m erou s  studies  
have been  con d u cted  o f  m a n -m a d e  and natural a lluv ia l channels  w hich  
have g iven  s a t is fa c to r y  p e r fo r m a n c e .  T h ese  studies  have attem pted to 
find  how d is c h a r g e ,  v e lo c i ty ,  depth, channel shape, w ater  and sed im ent 
p r o p e r t ie s ,  and s lope  a re  re la te d  in these  s u c c e s s fu l  channels  and to 
e x p r e s s  the r e la t io n s  in a f o r m  w hich  can  be con ven ien tly  used  fo r  
d es ig n  o f  other chann els .  T h ese  techn iques  w hich  use this ap p roach  are  
r e f e r r e d  to as r e g im e  th e o r ie s ,  although, s tr ic t ly  speaking , there  is 
p r a c t i c a l ly  no th eory  in v o lved . The re su lts  have been  p re se n te d  
g ra p h ica lly  and by equations, but a ll a re  d e r iv e d  f r o m  plotting data f r o m  
the studied  channels  in d i f fe re n t  f o r m s  and deducing  the n e c e s s a r y  
re la t ion s  am ong the d if fe ren t  v a r ia b le s .
U sually  th ree  re la t io n s  a re  p re se n te d :  (1) a f lo w  fo r m u la  o f  som e  
type w hich  g iv e s  the r e q u ire d  s lop e ;  (2) a fo rm u la  f o r  channel depth;
(3) a fo r m u la  f o r  channel width. T h ese  three  quantities are  p re se n te d  
as functions  o f  the d is c h a rg e  and channel m a te r ia l .
R e g im e  th e o ry  had its o r ig in  in India am ong the e a r ly  en g in eers  
w ho w e re  ch a rg e d  w ith d esign ing  and op eratin g  the ex ten s ive  canal 
s y s te m s  built by the B r it ish .  In its e a r ly  stages  it w as quite unre liab le  
s in ce  little  data w as ava ilab le  to b ase  it on  and the data a n a lys is  was 
not c o m p le te .  A s m o r e  data have been  a ccu m u la ted  and m o r e  th o ro u g h ­
ly  analyzed , r e g im e  th e o ry  has b e c o m e  m o r e  popular and is  now  used in 
d if fe ren t  f o r m s  quite e x te n s iv e ly .  It is  r e l ia b le  to the extent that the
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canal being d es ig n ed  o r  ana lyzed  is  s im i la r  in c o m p o s it io n  and op e ra t io n  
to the can a ls  upon w hich  the r e g im e  re la t ion s  being u sed  a re  based .
In this ch ap ter ,  three  o f  the better  r e g im e  th e o r ie s  w il l  be p r e ­
sented. The m e ch a n ics  o f  channel ad justm ent to r e g im e  w il l  a lso  be 
d is c u s s e d  in a qualitative w ay and a s p e c i f i c  e xa m p le  w il l  be p resen ted  
to show  how a r iv e r  r e a c t s  w hen its  r e g im e  is  upset.
10. 2 .  D efin it ion  o f  R e g im e . The te rm  " r e g i m e "  d oes  not adm it to 
c o n c i s e  defin ition  s in ce  it is a g e n e ra l  c o n ce p t .  P r o f e s s o r  B len ch  (r e f .  
10. 1), a propon ent o f  r e g im e  th eory ,  de fin es  the te r m  by analogy. 
A c c o r d in g  to B len ch , to d e c la r e  that a r iv e r  has a cq u ire d  a r e g im e  is  
c o m p a ra b le  in a gen era l  sense to stating that a t e r r i t o r y  has a cq u ire d  a 
c l im a te .  The v a g a r ie s  o f  w eather  f r o m  day to day a re  g rea t  and have 
not y ie ld ed  to e xa ct  a n a ly s is .  N e v e r th e le s s ,  a r e g im e  o f  w eather such  
as a c l im a te ,  is  r e c o g n iz a b le ,  and re a s o n a b ly  defin ite  law s co n tro l l in g  
it have been  d is c o v e r e d .
A  r e g im e - ty p e  r iv e r  is  defined  as one that has f o r m e d  a m a jo r  
part  o f  e v e r y  c r o s s  s e c t io n  f r o m  m a te r ia l  that has been  tra n sp or ted  or  
c o u ld  be tra n sp o r te d  by the r iv e r  at s o m e  stage o f  f lo w . A  r iv e r  is 
sa id  to be " in  r e g i m e "  in a r e a c h  i f  its  m ean  m e a s u r a b le  beh a v ior  during 
a ce r ta in  t im e  in terva l  d oes  not d i f fe r  s ign if ica n tly  f r o m  its m ean  
m e a s u ra b le  b eh a v ior  during c o m p a ra b le  t im e s  b e fo r e  o r  a fter  the given  
in terva l .  In sh ort,  a r iv e r  "in  r e g i m e "  is  one in w h ich  the d ifferen t  
v a r ia b le s  have a ch iev ed  a re la t io n  to each  oth er  such  that no o b je c t ion a b le  
s co u r  o r  d ep os it ion  o c c u r s ,  and the shape , alignm ent and s lope  of the 
channel r e m a in  constant.
M ost  r e g im e  m eth od s  g ive three  equations, a f lo w  fo r m u la  and two 
equations w h ich  re la te  channel width and depth to the d is c h a rg e  and 
channel c h a r a c t e r i s t i c s .  Thus the channel s lo p e ,  width, and depth a re  
trea ted  as the dependent v a r ia b le s .
10. 3. B le n ch 's  R e g im e  T h e o r y . P r o f e s s o r  B len ch  has p ro b a b ly  devoted  
m o r e  t im e and e n e rg y  to the study and im p ro v e m e n t  o f  r e g im e  th eory  
than any other p e r s o n .  In his r e c e n t  book  ( r e f .  10. 1) he r e c o m m e n d s  the 
fo l lo w in g  equations f o r  the d es ig n  o f  can a ls  with a s m a l l  bed  load:
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( 10 . 1)
( 10 . 2)
(1 0 .3 )
In these equations,
b = m ean  channel width; i. e . , width w hich  m u ltip lied  by depth 
g iv e s  a re a .
d = m ean  depth of f lo w  m e a s u r e d  f r o m  the bed  o f  the channel.
Fb = V ^ /d  = bed fa c to r .
F  = V ^ /b  = s ide  fa c to r ,  
s
The other quantities a re  as p r e v io u s ly  defined . B len ch  re c o m m e n d e d  
side fa c t o r s  o f  0. 1, 0. 2 and 0. 3 f o r  lo a m s  o f  v e r y  slight, m ed iu m , and 
high c o h e s iv e n e s s ,  r e s p e c t iv e ly .  F o r  the bed  fa c to r  he re c o m m e n d e d
(1 0 .4 )
w h ere  the z e r o  su b s cr ip t  denotes  that this value o f  F b is  app licab le  f o r  
c a s e s  o f  sm a ll  bed  load  d is ch a rg e  and d g is  the m ed ian  d ia m e te r  o f  the 
bed m a te r ia l  in m m . This  value o f  F b app lies  on ly  i f  the bed  m a te r ia l  
is  in the sand range.
F o r  c a s e s  in w h ich  the bed load  d is ch a rg e  co n ce n tra t io n  is  g re a te r  
than 20 ppm , B len ch  r e c o m m e n d e d  the fo l lo w in g  equations:
(10. 1)
(10. 2)
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(1 0 .5 )
w h ere  C is  the bed load  co n ce n tra t io n  in ppm . In these  equations, the 
fo l low in g  va lues  o f  bed fa c to r  are  to be used* :
(i) If the v e lo c i ty  is  s u b c r it ic a l  ( s e e  s e c t io n  1. 5)
w h ere  is  defined  in eq. 1 0 .4 .
(ii)  If the v e lo c i ty  is  s u p e r c r i t i c a l
( 1 0 . 6 )
(1 0 .7 )
w h ere  C c is  the bed  load  co n ce n tra t io n  in ppm at c r i t i c a l  v e lo c i ty .  
The sam e va lues  o f  F s a r e  ap p licab le  to bo th  high and lo w  bed load  
d is ch a rg e  ca n a ls .
T h ese  equations a re  d e r iv e d  m o s t ly  f r o m  data on can a ls  in India, 
m o s t  o f  w h ich  have co h e s iv e  banks and con sequ en tly  are  not s tr ic t ly  
ap p licab le  to cana ls  w h ich  have sand banks. F o r  this r e a s o n  these 
equations, and s im ila r  r e g im e  equations based  on Indian data, have not 
been  used  ex te n s iv e ly  outs ide the a re a  w h ere  they w e re  deve lop ed . 
E x a m p le * * :
The Ft. M organ  I canal w est  o f  Ft. M organ , C o lo r a d o ,  has the
fo l lo w in g  channel and operating  c h a r a c t e r i s t i c s :
Q = 146 c fs .
d = 0 . 3 1 8  m m . s
T e m p e ra tu re  = 77 F 
l? ~ =  0 . 9 7 x l 0 " 6  f t / s e c  
C = 200 ppm .
* B len ch  e r r o n e o u s ly  a ssu m e d  that dunes o c c u r  at v e lo c i t ie s  w hich  are  
le s s  than c r i t i c a l ,  f la t  bed  at h igher  v e lo c i t i e s .  This is  the bas is  he 
used  f o r  d istinguish ing  betw een  the bed  fa c to r s  f o r  the two f lo w  con d it ion s .
**  Data taken f r o m  r e f .  10. 2.
Bank m a te r ia l :  h ighly c o h e s iv e .
F lo w  is  s u b c r i t i c a l
S ince C is  g r e a te r  than 20 ppm the la rg e  bed load  equations m ust 
be used . F r o m  eq. 1 0 .3 ,
Using this value in eq. 10. 6 y ie ld s  the bed  fa c to r
F o r  highly c o h e s iv e  banks,
E q s .  1 0 .1 ,  1 0 .2  and 1 0 .3  then y ie ld  d = 3. 22 ft, b = 4 2 .1 ,  and 
S = 0 .0 0 0 5 1 ,  r e s p e c t iv e ly .  The actual va lues  f o r  the canal are  
d = 3 .5 1  ft, b = 30. 6 ft and S = 0. 000135. In this c a s e ,  the B len ch  
equations y ie ld  a channel w hich  is  too  wide and o v e r  es t im ate  the 
rou gh n ess .
1 0 .4 .  S im o n s ' and A lb e r t s o n 's  R e g im e  M eth od . R e ce n t ly  S im ons  and 
A lb e r ts o n  (r e f .  10. 2) have p re se n te d  a set  o f  graphs w h ich  ca n  be used 
f o r  d es ig n  o r  ana lys is  o f  a lluv ia l ch an n els .  T h e ir  a p p roa ch  appears  
s u p e r io r  to any that have been  p re se n te d  p r e v io u s ly  f o r  s e v e r a l  r e a s o n s .  
F i r s t ,  it is  b a sed  on m o r e  data than p re v io u s  r e g im e  m eth od s ,  and 
these  data r e p r e s e n t  a w ide range o f  types  (i. e. c o h e s iv e  and non - 
c o h e s iv e )  o f  bed  and bank m a te r ia l .  In p resen tin g  their  r e c o m m e n d e d  
r e la t io n s ,  the d i f fe re n t  types  o f  bed and banks a re  d istingu ished  so  it 
is  p o ss ib le  to s e le c t  r e g im e  re la t ion s  ap p licab le  to the channel in 
question . S econd , they g ive  m o r e  in fo rm a tio n  on the shape o f  the 
channel. V a lues  of the bank s lo p e ,  m ean  channel width, and top channel 
width m ay  be d e r iv e d  f r o m  their  re la t io n s .  F in a lly ,  they p re se n t  three 
d if fe ren t  m ethods  f o r  es t im atin g  the s lop e  and thus g ive  an id ea  o f  the 
p o s s ib le  range o f  s lope  to be c o n s id e r e d .
The g ra p h ica l  re la t io n s  used  in this m ethod  are  p re se n te d  and
d is c u s s e d  in appendix 10A.
1 0 .5 .  L e o p o ld  and M a d d o ck 's  R e g im e  A n a ly s is  o f  N atural S tre a m s.  
N atural s tr e a m s  w ould  be e x p e c te d  to have a d if fe ren t  r e g im e  than i r r i ­
gation  canals  b e ca u se  o f  the w ide v a r ia t ion  of d is ch a rg e  and load  they 
e x p e r ie n c e .  L e o p o ld  and M ad d ock  (re f .  10. 3) ana lyzed  data f r o m  
s e v e r a l  r i v e r s  and found that f o r  m o s t  r i v e r s  it was p o s s ib le  to re la te  
the top width w, m ean  depth d, m ean  v e lo c i ty  V, and suspended  load  
L to d is c h a rg e  Q in the fo l lo w in g  m eaningfu l r e la t io n s :
w = a (10. 8)
d = c Q f (1 0 .9 )
V = k Q  m  (10. 10)
L = p Q j * (10. 11)
Substituting eq s .  1 0 .8 ,  10 .9  and 10. 10 into the continuity  equation, 
Q = w d V ,  y ie ld s
_ ^b+f+mQ = a c  k Q
fr o m  w hich  we con c lu d e
a c  k = 1 (10. 12)
and
b + f  + m  = 1 (1 0 .1 3 )
L e o p o ld  and M addock  studied  the r iv e r s  f r o m  two points o f  v iew . 
F i r s t ,  they c o n s id e r e d  the va r ia t io n  o f  w, d, V, L with Q at given  
se c t io n s  o f  r i v e r s .  They found that the v a r ia t ion s  cou ld  be e x p r e s s e d  
quite w e ll  by equations o f  exponentia l f o r m  (e q s .  10. 8 through 10. 11), 
and w hile  the c o e f f i c ie n ts  a, c and k w e re  d i f fe re n t  f o r  d ifferen t  
s tr e a m s ,  the exponents b, f  and m w e re  fa i r ly  constant f o r  a ll  the 
s tr e a m s  studied. F o r  the twenty r iv e r  c r o s s  se c t io n s  studied, they 
obtained the fo l lo w in g  a v e ra g e  va lu es :  
b = 0 .2 6  
f  = 0 .4 0  
m  = 0. 34.
* A ctu a lly  va lues  o f  L  a re  the m e a s u r e d  load s  including the m e a s u r e d  
w ash  load .
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The exponent j was not found to be so  constant, va ry in g  f r o m  2.0 to 3.0 .
They  then studied the va ria tion s  o f  channel g e o m e tr y  and suspended  
load  along each  s tr e a m . The d is c h a rg e  o f  a r iv e r  g e n e ra l ly  in c r e a s e s  in 
a d ow n stream  d ir e c t io n  due to  the in flow  of  tr ib u ta ry  s t r e a m s .  In o r d e r  
to c o m p a r e  d i f fe re n t  s e c t io n s  o f  a r iv e r ,  it is  n e c e s s a r y  to s e le c t  in a 
sp e c ia l  way the d is c h a r g e s  f o r  w hich  the c o m p a r is o n s  a re  m ade .
L eop o ld  and M ad d ock  a ssu m e d  that the m o s t  rationa l b a s is  f o r  ana lys is  
was to s e le c t  d is c h a rg e s  at e a ch  s e c t io n  w h ich  w e re  equaled  o r  e x ce e d e d  
the sam e p e rce n t  o f  the t im e .  Stated another way, the c o m p a r is o n  was 
m ade f o r  d is c h a r g e s  o f  the sam e fre q u e n cy .  F o r  a g iven  r iv e r ,  the 
constants  in  e q s .  10. 8 through 10. 11 w il l  depend on the fre q u e n c y  o f  the 
d is c h a rg e s  se le c te d .  They  fu rth er  a s su m e d  that the m ean  annual 
d is c h a rg e s  have about the sam e fre q u e n cy  at a ll  s ta tions. C om p ar in g  
the width, depth, v e lo c i ty  and suspended  load  o f  d if fe ren t  stations along 
the study r iv e r s  at the m ean  annual d is c h a r g e ,  they found that the f it  o f  
the m e a s u r e d  data to the exponentia l re la t ion s  w as quite good  f o r  each  
s tre a m  and the exponents w e re  again quite constant. The av era ge  va lues  
they obtained w e re  about b = 0. 5, f  = 0. 4 and m = 0. 1 . Due to 
in su ffic ien t  data on suspended  load , they w e re  unable to obtain  a s ig n i f i ­
cant num ber o f  va lues  of the exponent j to e s t im ate  its  value o r  d e t e r ­
m ine if  it is  constant. F r o m  the l im ite d  data ava ilab le  and som e 
qualitative p h y s ica l  a rgu m en ts ,  they co n c lu d e d  that the suspended  load  
in c r e a s e s  in a d ow n stream  d ir e c t io n  le s s  rap id ly  than the d is ch a rg e  and 
th e r e fo r e  j is  l e s s  than unity.
E q s .  10. 8 through 10. 11 d e s c r ib e  a set o f  c u r v e s  f o r  each  station 
on a r iv e r  and f o r  each  d is c h a rg e  o f  a d i f fe re n t  f r e q u e n c y  along a r iv e r .  
T h ese  c u r v e s  a re  c a l le d  the h ydrau lic  g e o m e tr y  o f  the s tre a m . Using 
the hydrau lic  g e o m e tr y  o f  the s tr e a m s  w h ich  they studied and som e  o ther  
m e a s u r e d  quantities (su ch  as s lope) f r o m  these  s t r e a m s ,  L eop o ld  and 
M addock  re a ch e d  the fo l lo w in g  c o n c lu s io n s  about natural s tre a m s :
* Note that i f  the B len ch  r e g im e  e q s .  10. 1 and 10. 2 w e re  w ritten  in 
exponentia l f o r m ,  the va lu es  o f  b and f  w ould  be b = 0 .5  and f = 0 .3 3 .  
Thus the r e g im e  equations sp e c i fy in g  channel g e o m e tr y  a re  s im ila r  to 
L e o p o ld  and M a d d o ck 's  re la t io n s  gov ern in g  va r ia t io n s  along a r iv e r .  By 
m anipulating the equations, it can  be shown that the exponent in the 
v e lo c i ty  equation , m , is  not the sam e as that g iven  by B le n ch 's  f lo w  
equation.
10-7
1) The m ean  v e lo c i ty  o f  a s tre a m  in c r e a s e s  in the dow n stream  
d ire c t io n .  This is apparent f r o m  eq. 10. 10 s in ce  m is  g r e a te r  
than z e r o .
2) The co n ce n tra t io n  o f  suspended  sed im en t  d e c r e a s e s  in the 
d ow n stream  d ir e c t io n  along a s tre a m . This is  due to the 
in c r e a s e  o f  suspended  load  in the d ow n stream  d ir e c t io n  being 
l e s s  than the in c r e a s e  in  d is ch a rg e .
3) A  wide r iv e r  with a p a r t icu la r  v e lo c i ty  c a r r i e s  a sm a lle r  
suspended  load  than a n a rro w  r iv e r  having the sam e v e lo c ity  
and d is c h a rg e .
4) F o r  a g iven  width and a g iven  d is c h a r g e ,  an in c r e a s e  in 
suspended  load  r e q u ir e s  an in c r e a s e  in v e lo c i ty  and a d e c r e a s e  
in depth.
5 )  * At constant d is c h a r g e ,  an in c r e a s e d  v e lo c i ty  at constant 
width is a s s o c ia te d  with an in c r e a s e  o f  suspended  load  and 
bed  load.
6)  * At constant v e lo c i t y  and d is ch a rg e  an in c r e a s e  in width 
is  a s s o c ia te d  w ith a d e c r e a s e  o f  suspended  load  and an 
in c r e a s e  o f  bed load .
7) The rou gh n ess  of a s tre a m  is n e a r ly  constant along the 
s tre a m  fo r  d is c h a r g e s  of the sam e fre q u e n cy .
8) In r iv e r s  w h ose  beds  a re  c o m p o s e d  o f  sand, s ig n if ica n ce  o f  
changes  in s lope  (su ch  as m ight o c c u r  during the p a ssa g e  of
a f lood )  a re  v e r y  sm a ll  c o m p a r e d  to the s ig n if ica n ce  o f  changes 
in rou gh n ess  w hich  take p la ce .
T h e ir  an a lys is  a ls o  led  them to the co n c lu s io n  that changes  in channel 
g e o m e tr y  and v e lo c i t y  and the r e la t io n  betw een  them are  due to v a r ia ­
tions in  the d is ch a rg e  and the sed im en t  load  and hence  these  latter 
quantities a re  the independent v a r ia b le s  f o r  a s tre a m .
1 0 .6 .  E xam p le  of D istu rbed  R e g im e . It w as . L e o p o ld  and M ad d ock 's  
thes is  that the re la t io n  betw een  d is c h a rg e  and the other  v a r ia b le s  is
* C o n c lu s io n s  5 and 6 are  b a se d  p r im a r i ly  on G i lb e r t 's  f lu m e  data ( r e f .  
1 0 .4 ) ,  but appear  to be va lid  f o r  natural s tre a m s  a lso .
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brought about by a long te rm  adjustm ent o f  the channel g e o m e tr y  and 
s lope  to the d is ch a rg e  and load  that the s tre a m  m ust c a r r y .  M an 's  span 
on earth  has been  too  sh ort  on the g e o lo g ic  tim e s ca le  to obtain  quanti­
tative in fo rm a tion  on the d eve lop m en t and fo rm a t io n  o f  r i v e r s .  H ow ev er ,  
we do have in fo rm a tio n  on how r iv e r s  r e a c t  when their  d is ch a rg e  a n d /o r  
load  is  a lte red  and its r e g im e  is  upset. Such an exa m p le  w il l  be 
d is c u s s e d  h e re .
A fter  the c lo s u r e  o f  H oover  D am , the resu lt in g  lake acted  as a 
g igantic  settling tank and e s se n t ia l ly  c l e a r  w ater  w as r e le a s e d  f r o m  the 
r e s e r v o i r .  Thus the s tream  w as d e p r iv e d  o f  its  load  and its r e g im e  was 
upset. The p r o g r e s s iv e  changes w hich  o c c u r r e d  in the r iv e r  channel at 
Yum a, A r izo n a ,  w hich  is  about 350 m i le s  dow n stream  f r o m  H oover  Dam 
are  shown in f ig .  10. 1. The annual d is ch a rg e  and sed im en t  load  are  
a ls o  shown.
F r o m  f ig .  10. 1 it is  seen  that the annual suspended  load  d e c r e a s e d  
f r o m  an a v era g e  of n e a r ly  150 m i l l io n  tons to l e s s  than 25 m il l io n  tons. 
The w ater  d is c h a rg e  fluctuated  depending on the r e le a s e s  f r o m  the dam 
and the in flow  o f  the tr ib u ta r ies  b e low  the dam . In the p e r io d  shown 
there  w as no la rg e  co n s is te n t  susta ined  d e c r e a s e  in the d is ch a rg e  
fo l lo w in g  c lo s u r e  o f  the dam . The d e c r e a s e  in load  ca u sed  the channel 
to d egrad e  m a rk e d ly  and the depth to in c r e a s e .  Despite a d e c r e a s e  in 
width, the v e lo c i ty  d e c r e a s e d  c o n s id e r a b ly .  S ince the s lope  was 
e s se n t ia l ly  unchanged and the depth in c r e a s e d ,  the re d u ce d  v e lo c ity  
r e f le c t s  a change in the rou gh n ess  w hich  was o b s e r v e d  to in c r e a s e  by a 
fa c to r  o f  about th ree .  It is  doubtful that this in c r e a s e  was ca u sed  d ir e c t ly  
by the in c r e a s e d  s iz e  of the bed m a te r ia l .  M o r e  l ik e ly  it was due to 
changes  in the bed f o r m  and the d e c r e a s e  in the suspended  load . Thus 
with the dam c lo s u r e  and red u ction  o f  load , the r iv e r  a lte re d  its r e g im e  
to a c co m o d a te  about the sam e d is c h a rg e ,  but a m u ch  s m a l le r  load.
1 0 .7 .  R iv e r  Channel P a t t e r n s . Natural s tre a m s  are  c la s s i f i e d  as 
bra id ed , m ea n d er in g ,  o r  stra ight a c c o r d in g  to their  g e o m e tr y  in plan 
v iew , as when v iew ed  f r o m  an a irp lan e . E ach  o f  these patterns is  part 
o f  the r e g im e  o f  the s tream  fo r  the cond it ions  under w h ich  it e x is t s .  The
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d iffe ren t  channel patterns and the fa c t o r s  a s s o c ia te d  with each  w il l  be 
b r ie f ly  d is c u s s e d  h e r e .  F o r  a m o r e  co m p le te  treatm en t the re a d e r  is 
r e f e r r e d  to r e f ,  1 0 .5 .
A  stra ight channel is  a v e r y  u n com m on  o c c u r r e n c e  in nature. 
Indeed, r e a c h e s  w hich  a re  s tra ight f o r  d is ta n ces  g re a te r  than ten t im e s  
the channel width are  r a r e .  E ven  in re a c h e s  o f  r iv e r s  w hich  appear 
s tra ight the c r o s s  s e c t io n  is  by no m eans  un iform  and the tha lw eg (line 
o f  m ax im u m  depth) w anders  b a ck  and fo r th  a c r o s s  the s tr e a m . Another 
c h a r a c t e r is t i c  o f  s tra ight (a ls o  m ean d erin g )  natural channels  is the 
o c c u r r e n c e  o f  short  p ortion s  o f  sha llow  c r o s s  s e c t io n  ( r i f f l e s )  w hich  
sepa ra te  lo n g e r  p ortion s  in w hich  the c r o s s  s e c t io n  is s ign if ican tly  
d eep er  (p o o ls ) .  Thus a stra ight channel im p lie s  neither  a uniform  c r o s s  
s e c t io n  nor a s tra ight thalweg.
In f ig .  10. 2, C ottonw ood  C r e e k  above station 1500 has a typ ica l 
m ean d er  pattern . P o o ls  and r i f f l e s  w h ich  a re  a lw ays found in s tra ight 
channels  are  a lso  c h a r a c t e r is t i c  o f  m ea n d er in g  channels  and thus the 
stra ight pattern  can be c o n s id e r e d  as a s p e c ia l  c a s e  of the m eander  
pattern  in w hich  the am plitudes  o f  the m ea n d er  lo o p s  a re  v e r y  sm a ll .  
R if f le s  a re  c o m m o n ly  found at the points o f  in f le c t io n  ( r e v e r s a l  of 
cu rva tu re )  in m e a n d e rs  w hile  p o o ls  a re  found at the points of g re a te s t  
cu rva tu re  (bends). Th is  is  not a lw ays the c a s e ,  as can  be seen  in f ig .
10. 2. L e o p o ld  and W olm an  (r e f .  10. 5) found that the d istan ce  betw een  
r i f f le s  in  a stra ight channel equals the stra ight line d istan ce  betw een 
s u c c e s s iv e  points o f  in f le c t io n  in the w ave pattern  o f  a m ean d erin g  
r iv e r  o f  the sam e width. They  a ls o  found that the w ave length o f  the 
m e a n d e rs  (w hich  is  tw ice  the d istan ce  betw een  r i f f le s )  is re la ted  to the 
bank-full width w by
^ =  6 .5  w 1' 1 (10. 14)
w h ere  is  the m ea n d er  w ave length w h e r e /  and w are  in fee t .
No s a t is fa c to r y  explanation  has been  given  f o r  e ith er  the how o r  
why o f  m ea n d er  fo rm a t io n .  L e o p o ld  and M a d d o ck 's  find ings indicate 
that it is  re la ted  to the fo rm a t io n  o f  r i f f l e s .  T a y lo r  ( r e f .  10. 6) has 
shown that the analytic m o d e ls  w hich  have been  p r o p o s e d  to explain  
m ea n d er in g  a re  in su ffic ien t .
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The b ra id ed  pattern  is c h a r a c t e r iz e d  by channel d iv is io n  around 
a lluv ia l is la n d s .  In f ig .  10. 2, C ottonw ood  C r e e k  in the v ic in ity  of 
station 2000 has a typ ica l  b ra id ed  pattern . The grow th  of the is lands 
apparently  beg ins  with the d e p o s it io n  o f  a cen tra l  bar w h ich  is  c o m p o s e d  
o f  the c o a r s e r  f r a c t io n  o f  the bed  m a te r ia l .  As the bar m o v e s  d o w n ­
s tre a m  it b e c o m e s  la r g e r  f o r c in g  the w ater  into the flanking channels 
w h ich  deepen  and g ro w  la te ra l ly -  E ventually  the deepening channels  
lo w e r  the w ater s u r fa ce  until an is lan d  e m e r g e s  and b e c o m e s  sta b il ized  
by vegeta tion . Thus the b ra id in g  o f  s t r e a m s  is  re la ted  to the p ro b le m  
o f  b a r  d e p o s it io n  w hich  is  not un d erstood  e x ce p t  in a v e r y  g e n era l  q u a li ­
tative w ay. B ra id e d  r e a c h e s  o f  a channel a re  usually  s te e p e r  (s e e  f ig .  
10 .2 )  w id e r ,  and sh a llo w e r  than undivided r e a c h e s  c a r r y in g  the sam e 
f low .
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1 0 - 1 2
Fig .  10. 1 P r o g r e s s i v e  changes  of  C o lo r a d o  R iv e r  at 
Yuma,  A r iz o n a  result ing f r o m  con s tru c t ion  
of  eng ineer ing  w orks  upstream .  ( F r o m  
L e o p o ld  and M addock ,  U . S . G . S .  P r o f .  
Phper 252, F ig .  28).
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F ig .  10 .2  Plan and p r o f i le  o f  Cottonw ood C reek  near
D aniel, W yo. In this rea ch  the r iv e r  changes 
its pattern  f r o m  m eandering  to b ra id ed . 
(F r o m  L eop o ld  and W olm an, U. S . G . S .
P r o f .  P a p er  2 8 2 -B ,  F ig .  47).
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C a li fo rn ia  Institute o f  T e ch n o lo g y ,  1960.
P r o b le m :  -
10.1  The Ft. M organ  Canal w est  o f  Ft. M organ , C o lo r a d o  has the
fo l lo w in g  channel and operating  c h a r a c t e r i s t i c s :
Q = 146 c fs
ds = 0 .3 1 8  m m  
T e m p e ra tu re  = 7 7 °F  
= 0 .9 7  x  1 0 - 5 f t 2/ s e c  
Banks a re  c o h e s iv e .
Using the curves o f  S im o n s  and A lb e r ts o n  (r e f .  10. 2) d e term in e  the 
channel depth, width, top width, and the s lo p e .  Use ea ch  o f  their  
three  d ifferen t  a p p ro a ch e s  f o r  d e term in in g  the s lo p e s  to be co n s id e r e d .  
C om p a re  the re su lts  obtained by this m ethod  with those p re d ic te d  by 
the B len ch  r e g im e  equations, and with the actual channel p r o p e r t ie s  
g iven  in s e c t io n  1 0 .2 .
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Appendix  10 -A.
st.
N otes on the S im o n s -A lb e r ts o n  R e g im e  R ela tions  
1 9 A .1. In trod u ct ion .
The re su lts  o f  thoroughgoing  study of the ava ilab le  techn iques  fo r  
d es ign ing  channels  in a lluv ia l m a te r ia ls ,  and of the data upon w hich  these 
techn iques  a re  b a sed  have r e c e n t ly  been  published  by D. B. S im ons and 
M. L . A lb e r tso n .  T h e se  authors have d e v e lo p e d  r e g im e - ty p e  grap h ica l  
re la t ion s  betw een  the channel and f lo w  p a r a m e te r s  w h ich  can  be used  to 
d es ig n  a lluv ia l ch an n els .  T h e ir  a p p roa ch  ap p ears  s u p e r io r  to other 
r e g im e  techn iques  that have been  p re se n te d  b e ca u se  it is  b a sed  on m o r e  
data, r e f le c t s  m o r e  thorough  an a lys is  o f  the data, d if fe ren t ia tes  betw een  
d if fe ren t  bed and bank m a te r ia ls ,  and g iv e s  three  m ethods  f o r  estim ating  
s lope  to g ive  som e  co n ce p t  o f  the range  o f  s lop e  to be co n s id e r e d .
T h ese  graphs and their  use a re  p re se n te d  and b r ie f ly  d is c u s s e d  in this 
paper .
10A . 2 . Data a n a ly ze d .
The data upon w h ich  the r e c o m m e n d e d  d e s ig n  re la t ion s  are  based  
w e r e  taken f r o m  stra ight, stable  r e a c h e s  of can a ls  in w h ich  no o b je c t i o n ­
able scou r  or  d ep os it ion  had been  o b s e r v e d .  The groups  o f  data are  
s u m m a r iz e d  in table 1. The m ean s ize  o f  the bed m a te r ia l  v a r ie d  f r o m  
about 0. 1 m m  to o v e r  7. 5 m m .
19A .3. D es ig n  o f  c h a n n e ls .
B e fo r e  treating  the deta ils  o f  canal d esign , two p r im e  r e q u is ite s  
should  be m entioned . F i r s t ,  the F ro u d e  num ber should be le s s  than 0. 3 
to preven t  w ave e r o s io n  o f  the banks. S econd , the sed im en t  d is ch a rg e  
co n ce n tra t io n  should be le s s  than 500 ppm s in ce  the high v e lo c i t ie s  
r e q u ire d  to t ra n sp o r t  g r e a te r  c o n ce n tra t io n  m ake stab ility  d iff icu lt  to 
obtain.
The S im o n s -A lb e r ts o n  re la t ion s  f o r  d esign ing  stable channels  are
* The in fo rm a tion  and f ig u r e s  conta ined  h e re in  a re  taken f r o m  "U n iform  
W ater C on veyan ce  Channels in A llu v ia l M a te r ia l "  by D ary l  B. S im ons 
and M a u r ice  L. A lb e rtso n ,  P r o c .  o f  the A. S. C. E. , J. o f  the Hyd. D iv. , 
v o l . 86, no. HY 5, M ay I960, pp. 3 3 -7 1 .
1 0 - 1 5
1 0 -1 6  
T able  1
S um m ary o f  G rou p s  o f  Canal Data U sed in  S im o n s -A lb e r ts o n  R e g im e
A n a lys is
L o ca t io n  N o. o f  D isch a rg e  Slop^ A vg . Sed.
o f  R ea ch e s  c fs  x  10 D isch . C one.
C anals_____________ Studied_____ m in _____ m ax  m in_______ m ax______ ppm ______
San L u is  V a lle y , 15 17 1500 0 .7 9  9 .7
C o lo ra d o
P unjab. India 42 5 9000 0 .1 2  0 .3 4  238
Sind, India 28 311 9057 0 .0 5 9  0 .1 0 0  156 to 3590
Im p e r ia l V a lle y , 4 - -  - -  - -  - -  2500 to 8000
C a lifo rn ia
M is c . Data 24 43 1039 0 .0 5 8  0 .3 8 7
show n in  f ig s .  1 through  9. Channel d esig n  p r o c e e d s  in  the fo llow in g  
s te p s .
a) F o r  the d esig n  d is ch a rg e  s e le c t  fr o m  fig . 1 the w etted  p e r im e te r  
a p p rop ria te  to the bed  and bank m a te r ia ls . N ote that cu rv e s
B and E are  both  fo r  ca n a ls  w ith  a sand bed  and c o h e s iv e  
banks, but cu rv e  E is  b a se d  on data fr o m  the Im p e r ia l V a lley  
C anals w h ich  c a r r y  v e r y  la rg e  sed im en t loa d s  t h e r e fo r e ,  cu rv e  
E shou ld  be u sed  on ly  fo r  can a ls  w hich  m ust c a r r y  co m p a ra b le  
lo a d s .
b) F ig . 2 can  be used  to estim a te  the m ean  channel w idth, and the 
top channel w idth can  be e s tim a ted  fr o m  fig . 3. T h ese  va lu es 
w ill g iv e  an estim a te  o f  the s ide  s lop e  to be used .
c) F o r  the d is ch a rg e , s e le c t  fr o m  f ig . 4 the h y d ra u lic  rad iu s fo r  
the bed  and bank m a te r ia ls  o f  the channel. The channel a re a ,
A , can  now  be com pu ted ,
A  = P R
and the m ean  v e lo c ity , V , d e term in ed ,
V = Q /A .
d) F r o m  fig . 5, the a v e ra g e  bed  depth can  now  be e s tim a ted . Th is 
is  the a v e ra g e  depth above the bed  (not the banks) o f  the channel.
The d eta iled  d im e n s io n s  o f  the channel can  not be d e term in ed . 
Usually a t ra p e zo id a l  channel shape is  u sed . The va lues  o f  
h ydrau lic  rad ius  and w etted  p e r im e te r  d e te rm in e d  f ro m  f ig .  1 
and f ig .  4 m ust be reta ined . The va lues  o f  bed  depth, average  
width, and top width can  be ad justed  as r e q u ir e d  to m aintain  these 
va lues  o f  h ydrau lic  rad ius  and w etted  p e r im e t e r .  If the bank 
m a te r ia l  is  n o n -c o h e s iv e ,  the s ide  s lope  m ust not e x c e e d  the 
va lues  o f  angle o f  r e p o s e  g iven  in f ig .  6. It is  good  p r a c t ic e  to 
use a value of s ide  s lop e  w h ich  is  5 °  to 10°  l e s s  than the 
ind icated  angle o f  r e p o s e . 2
e) Using the ca lcu la te d  v e lo c i ty ,  d e te rm in e  R S f r o m  f ig .  7 f o r  
the ap p rop r ia te  bed and bank m a te r ia ls .  S ince R is  known, S 
can  be com pu ted .
f) Using the va lues o f  v e lo c i t y  and width d e te rm in e d  p re v io u s ly ,  
d e te rm in e  the value o f  V / g D S  f r o m  f ig .  8 f o r  the ap p rop r ia te  
bed  and bank m a te r ia ls .  The s lop e  can  then be com p u ted  .
g) F o r  m ean  s iz e  o f  the bed  m a te r ia l  and the bed and bank m a te r ia ls  
o f  the channel being d es ig n ed , d e te rm in e  the c r i t i c a l  tra ctive  
f o r c e  f r o m  f ig .  9. F r o m  the c r i t i c a l  t ra c t iv e  f o r c e ,  the s lope  
can  be com pu ted .
h) The d e s ig n e r  m ust now invoke his en g in eer in g  judgem en t, guided 
by the s lo p e s  d e te rm in e d  in steps  e, f  and g to a r r iv e  at the 
d es ig n  s lope .
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F ig .  1 V a ria tion  o f  w etted  p e r im e t e r  with d is ch a rg e  
f o r  r e g im e  chann els .
10 -  19
F ig .  2 V a ria tion  o f  a v era g e  width with w etted  p e r im e te r  
fo r  r e g im e  channels .
1 0 - 2 0
F ig .  3 V a ria tion  o f  top width with av era ge  width fo r  
r e g im e  channels .
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Fig .  4 Varia t ion  of  hydrau l ic  radius  with d i s c h a rg e  for  
r e g im e  channels .
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F ig .  5 V aria tion  o f  a v e ra g e  bed  depth with hydrau lic  
radius f o r  r e g im e  channels .
10-23
Fig .  6 Angle  o f  r e p o se  fo r  n o n - c o h e s i v e  m a t e r ia l s .
10 -24
2
F ig .  7 V aria tion  o f  m ean  v e lo c i ty  with R S fo r
r e g im e  channels .  (L a c e y  type s lope  r e la t io n . )
2
F ig .  8 V a ria tion  o f  g- with f o r  r e g im e  channels .
(B len ch -K in g  type s lope  re la t ion .  )
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F ig .  9 Varia t ion  of  t ra c t ive  f o r c e  with m ean  s ize  o f  bed  
m a t e r ia l  f o r  r e g im e  channel.  ( T r a c t i v e - f o r c e  
type s lope  re lat ion .  )

